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. ABSTRACT o
OPTIMAL OPERATING RULES FOR MULTI~RESERVOIR SYSTEMS
by
RICHARD MICHAEL MALES

Submitted to the De'partment .of Civil Engineering on August /2 6, 1'9.68 in
partial fulfillment of the requirements for the degree of Doctor of Phi~
losophy,

The problem of determining optimal operating rules for multiple=
reservoir systems is not presently susceptible to pure analytical treatment,
The present study includes the operating rule as a paramecter of the system,
to be optimized by determining the appropriate form for the rule and appro=-
priate values of the operating parameters. A simple policy, called the -
standard operating policy, is used instead of more complicated policies, -

A proposed technique called Linear Programming-Simulation-Search (L.PSS)
is investigated, The LPSS technique uses a linear programming model to
obtain initial values for operating parameters. Starting with these values,
simple search techniques of sensitivity, single-factor, and marginal analy-
'sis are used to determine near-optimal values of the parameters by search~
ing the benefit response surface, The benefit response surface is defined
through the use of a simulation model of the basin, which yields beneflt Values
as a function of the various operating parameters, '

A conceptual framework for the problem is presented, involving the
definition of a Q set for the mathematical model. The Q set is used to define
characteristics of the modelling process and operating rule, and conceptu~-
ally represents the quality of the reproduction of reality in the mathematical
model, Search processes to determine optimal operation also search over the '
Q set by varying the heirarchical level of the linear programming model and
the type of operating rule used. The conceptual framework defines and clari~ '
fies the planning and decision-making process associated with water resource
systems analysis, and provides a theoretical context for a dlscusmon of
searches in policy space. -

Three different computer mmulat:.on models are used to test the feasi~
bility of LLFPSS, Two of the models have associated linear programming
models, and the relationship between the 51mula,t10n and linear programmmg
models is studied.

Results indicate the feasibility of the LPSS technique, A discussion
of the appropriate type of policy and model for use of LPSS is presented,
Releases determined by steady-state linear programming models are found
to be consistently lower than near-optimal releases obtained by LPSS for
stochastic simulation models, :

Some basic problems with the approach so far are pomted out and meth-~
ods of overcoming them in the future are recommended, The necessity for’

a data structure and data handling language for simulation and search proc-
esses is pointed out, and a form for such a language is suggested,

Thesis Supervisor: Ronald T. McLaughlin

Title: : Associate Professor of Civil Engineering
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CHAPTER 1
INTRODUCTION AND PROBLEM STATEMENT

L]

i,1 Introduction and Project Background

The investigations presented in this thesis were a portion of a
research projéct on Systems Maethodology for Water Resocurce Development,
conducted jointly at the M,I.T, Department of Civil Engineering, and
the Planning Cehter, University of Chile. This project, initiated in
1963, has included studies of the application of mathematical programming
and simulation models of river basins for planning of water resource
development, particulariy.in the context of data structures typical
of developing countries.

The project was based on a real river basin selected for demonstration,
Early studies investigated the feasibility of simple linear programming
models of the basin, and determined the associated data requirements,

The optimal operatibn of a single reservoir was examined through a
combination of dynamic programming and simulation model#. Later, the
effect of social and political structures on engineering planning |
was recognized and investigated, Detailed simulation and mathematical
programming models were developed. Optimal operation of a.multiple-
reservoir system was recognized as an important and unsolved problem,

The present study concentrates on solutions to this last problem.

1.2 Problem Statement and Approach

Since the present investigation is a portion of a larger project
in systems methodology, this particular investipation is within the
context of the methods developed by the project as a whole. A brief

outline of the proposed methodology is given below,
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In the initial planning stages, when only rudimentafy data is
available, simple mathematical programming models aré‘used to indicate
initial capacities and sizes of structures in the basin. These simple
models also serve to point out areas in which additional and/or
improved data is required.

- As further data is acquired, more detailed mathematical progranming
models are developed., In the final stages, detailed simulation models
in the form of'computer codes are constructed. The simulation models
are used in conjunction with appropriately generated "synthetic"
‘hydrologies to study the response of the system, Choices among.
different plans are based on comparisons of the results of simulation
studies based on the plahs.

In order to eliminate particular operating decisions as additional
parameters in the search for final component sizes, the use of simulation
requires that the operation of the reservoir system be optimal with
respect to project goals for each plan, At present, no method has
been developed to insure optimal operating decisions for a real
system, For models which are simplifications of reality, optimal
operation can be approached, and depending on the degree of simplification,
achieved. Operation derived from such models 1s not necessarily truly
optimal for a real system, but if the model is selected appropriately,
the operation should be neaxr-optimal. The general problem dealt with
in this thesis, therefore, may be stated as the development of a method
for near-optimal operation of a simulation model which is expressed
in the form of a computer code,

For single reservoirs, approaches based on dynamic programming

have been developed which yield optimal releases at each decision
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period for a simulation model. For multiple reservoi;s with stochastic
inflow however, no direct optimization technique has been developed.

The approach investigated in this study uses operating policies for
multiple réservoir éystems which do not have an internal optimizatipn
feature such as linear or dynamic programming. Such policies; termed
non-optimizing policies, can be characterized by the specification of
certain parameters, such as target releases., Optimization of such
non-optimizing policies consists of a determination of the optimal value
of the policy parameters. Optimal values of the policy parameters

are those values for which the operating policy determines decision
variables leading to maximum benefits. The approach used in this study
is to determine such values by performing search studies in the parameter
space, rather than by purely analytical methods. Mathematical programming
models are used as an integral part of the search process.

The research investigates a number of different policies and
studies the applicability of simple search techniques. Linear programming'
models of the basins studied are used to provide guidelines for the
search studies and to indicate sppropriate starting values of the
parameters characterizing the operating policy.

Three different simulation models have been investigated. Two
of the models have associatéd linear programming models, of varying
degrees of 50phistication. The first simulation model represents an
artificial basin, considered as a preliminary study to develop and
test the feasibility of the propgsed search techniques, A linear
programining model which closely parallels the artificial basin provides
initial values of the parameters of the operating policy. The second

model used is 2 detailed simulation of the Maule river basin in central
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Chile, for which a number of linear programming models c#ist. The third
model is of a poftion of the Connecticut River Basin in New Fngland,
and is includéd to examine the feasibility of search techniques where
no'matﬁematical programming model exists in conjunction with the
'simulafion_model.

The charactér of research in systems methodology is to determine
the appropriateness df proposed approaches to decision-making. Therefore,
the specific characteristics of near-optimal operating poiicies for the
basins studied is not considered to be the result of this investigation,
Rather, the results consist of conclusiéns as to the effectiveness of
the proposed search'concept,Aand indications of the proper role of such

studies in basin planning.

1.3 Scope and Limitations

The concept of "optimizing" operation thrdugh search techniques
is useful both in the planning process for proposed facilities, and
in the operation of existing facilities, For the planning process,

the simulation models used will reflect the different plans to be

investigated, but each simulation model will be fixed with respect
to capacities and Sizes for that particular plan., For an existing
system, the simulation model will represent the_physical capacities'
actually present in the basin, but the operating policy parameters
will be variables, Thus, in both the planning and operation stages,
the simulation model is considered fixed, and the search is carried
out over the operating policy parameters.
A major feature of the proposed technique is that it is not

limited to a particular basin or class of basins., Similarly, the
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form of the opérating policy used is not restricted, although certain
forms are found to he more suitable than others,

A relatively simple operating policy structure is used in the
first two models, which has advantages when used in conjunction with
linear programming., As noted above, such policies are non-optimizing.
When the state of the art is such that sufficiently general optimizing
policies are developed, they will undoubtedly be described by some
parameters, and the concept of searching over these parameters to
determine the best "optimizing" policy is still valid. Improvements
in the form of the operating policy can only lead to operating decisions
closer to the hypothetical true optimal solution.

The study jintentionally confines itself to the simpler operating
pblices and programming models, in order to determine how much useful
: informatioﬁ_can be derived from them. In problems of this type, the
degree of sophistication of the operating policy, programming model,
and search techniques used, will depend upon the marginal increase in
benefits as compared with the marginal increase in effort and cost
required to obtain the improvements., The trade-off will be determined
in individual instances, Similarly, the decision on when to limit
the search process and accept the currently near-optimal policy as

the best that can be obtained will be determined in each case,

1.4 Structure of the Thesis

Chapter I presents the context of the present study in a total
research effort, defines the problem, and indicates the scope and
limitations of the present work. Chapter II presents a conceptual

framework for the research carried out, and surveys previous work
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in light of this framework. The preliminary model is described in

- Chapter III, with associated results and conclusions. Chapter TV
deals with the Maule model, and Chapter V describes the Connecticut
River Basin quel! A summary and conclusions for the total study arc

presented in Chapter VI, together with suggestions for further study.
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CHAPTER I1
THEORETICAL CONCEPTS AND PREVIOUS WORK

2.1 Theoretical Concepts

2.1.1 Operating Policies

For the purposes of this study, an operating rule {operating rule
and operating policy are used interchangeably) is considered to be
a set of instructions which specifies in some.manner all decision
variables pertaining to flows and releases during any time interval
when such decisions are made. The specification implies no ambiguity;
the instructions provided by the operating rule are complete. Other
instructions, such as the specification of maximum or minimum pool levels
at given times, or the proportional division of total release, where
that release is unspecified, are considered to be constraints, since
they do not.determine flows and releases directly, rather the flows
and releases must be consistent with the restrictions imposed,

A distinction must be made between an algorithm which determines

a policy, and the policy itself., A further distinction is made between
a poliéy and the release deteymined by the policy. Three distinct
hierarchical levels are present, The algorithm may use dymamic
programming, linear programming, experience, or any other process, to
derive the set of specific instructions which constitute the policy.
The releases prescribed by the set of instructions will vary according
to the values of certain parameters, which are termed parameters
of the operating policy, Térget release in any périod is such a
parameter, Specific values of the parameters of the'operating policy,
such as target releases, may be determined in a number of ways. Thus,

a linear programming model may be used to yield appropriate values of
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target release,

The third heirarchical level is that of the releases, Releases
are obtained from the policy instructions when those instructions are
acted upon in accordance with thé current state of the system. System
state is not considered to be a parameter of the operating policy,
rather it is the independent variable from which releases are determined
according to the functional relafionship expressed by the policy instructions,

The relationship among the factors may be indicated symbolically
as follows, with F indicating a particular algorithm, f a policy,
Gy the parameters of the policy, K the releases, and M a vector
characterizing the system state:

EC A (policy derived from algorithm)

f(Gi,M) + K (release derived from policy) 2.1)

2.1,2 Definitions

After an examination of the literature on operating rules for
multiple-reservoir systems, it was felt that no general terminology
existed sufficient to describe and discuss the structure of water
resource systems with associated models, The following discussiocn
provides a conceptual framework within which the nature of operating
rules can be defined explicitly.

Consider the‘riVer basin to be the basic unit about which
decisions are to be made, Only certain sites within the basin are
feasible for cerfain forms of development, such as the location of
a reservoir, power plant, or irrigated farming area. Once the sites
for all such feasible developments have been determined as well as

the connections between them, with no reference to the scale of
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development at each site, the result will be called a configurationm,

denoted by C*. Thus, a configuration indicates the various clements
(reservoir, irrigafionudistrict, power-plant, treatment plant, pumping
station, etc,) and the manner in which they are connected to form
a directed network, by rivers, channels, penstocks, etc, For a given
basin, there may Se various coﬁfiguratibns of interest, but since no
magnitudes are specified, there will be one configuration which can
include all other configurations if some of its elements or connectivities
are at zero level,

A structure, P, for the basin is obtained from a configuration
by the specification of all physical magnitudes for the elements, and
a specification of ﬁhe hydrology in the region, The hydrology is given
by the hydrology vector, X, which may be considered to consist of one -
of a number of alternative specifications of the hydrology, such as
the historical record, reﬁiicate sets of synthetically generated
hydrologies, ér parameterslof the appropriate probability distributions,
together with cross and seriai correlation coefficients,

Magnitudes or levels of development of the elements are given by
Cp’
set will in general appear in constraint relationships, of the form

the physical magnitude set. Magnitudes of the physical magnitude

flow less than or equal to a magnitude at which flood damage occurs,
'or'storage less than or equal to capacity. Thus; while physical
magnitudes may be decision variables in come cases, they act primarily
as a part of inequality constraint relationships.

Certain physical magnitudes pertaining to the structure do not fall
into this category; for example, the turbine characteristics curve,

These magnitudes are given by the technological conversion transformation,T.
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Thé transformation T consists of the various transformation functions

for conversion between physical quantities of the structure, as the
transformation functjion for.power from water at a given power station,
or the production function for crop yield from irrigation water supplicd,
For purposes of simplicity, it is assumed that only the efficiént points,
on_the production.function, are included in these functions,

Thus, a structure P is obtained from the more general configuration
C* by specification of the hydrology vector X, the physical magnitude
set Cp,_and the technological conversion transformation T. A structure
represents the existing physi;al reality in a river basin, and defines
the basin capability for devéloping useful outputs from the hydrologic
inputs,

The.inclusion of-social, legal, and economic constraints and benefit
functions for the physical outputs yields a sxstém S for a given
structure. A system defines the total ''reality" in the basin,
including pertinent social, political, and legal requirements in
force in the basin. These requirements may not be explicitly stated
in the basin ifself, but may be significant factors in engineering
planning; for example, a political power structure may be favorable to
one form of development, Social, legal, and economic constraints are

included in the SLE (social, legal, and economic) constraint set, Coter

System outputs are considered to be physical quantities and
probabilities, such as the increase in crop yield from irrigation, the
power produced, or the reduction in probability of a given level of

flood damage. These values make up the output vector, Y. A specific

value of Y is denoted by ¥. The benefit function for gross benefit

as a function of outputs is denoted by B(Y), and a specific value of



benefits due to specific physical outputs is therefore obtained as B(Y).

Then a system $ consists of a structure with a specifiecd Cote and B(Y).

1
It is the form of the benefit function that must be specified, for
5pecific'va1u95'dgpend upon specificAvalues of Y, as yet undetermined,
One further set may be introduced at this point, déscribing the
"qualities" of the particular mathematical and simulation models used
to represent the system, For instance, certain models of water resource

systems take into account serial correlation, while others do not - an

element. of the qualities set ) serves to define this, Similarly for

the other factors which may or may not be taken into account, such as
stochasticity, number of time periods, and certain qualities of the
operating rule, such as prediction of expected inflow. The Q set in
reality serves to define the faithfulness of the m;dél in terms of
reality. While no absolute measure of the sophistication of the model
is possible, the Q set can serve to rank different types of model in
coﬁparison with a hypothetical perfect model. The () set is a useful
manner of clarifying the nature of the operating rule and type

of mathematical model as parameters of the system.

After the system § an¢ associated eiements of the Q set have been
designated, it beéomes possible to construct a simulation model of the
system,.complete except for the operating rule;lthat is, lacking oﬁly
instructions for arriving at decision variables in each period, in
order to function. -If the simulation is in the form of computer codes,
then the simulation maj be constructed with a call to a.subrdutine
defining the operating policy at each point where a release.must be
specified, The state variables are supplied as data to the operating

policy subroutine, which returns values for the releases. A simulation
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model construcfed in the foregoing manner will be called a simulation

model with an external operating rule.

Certain additional definitions will be made to.aid in the description
of the functional relationships between the system and the operating
rule, For simplicity,‘let both Cp and Csle be combined to form the
single'set C. Let % be a specific value of the hydrology vector X,

C a specific value of C, and T a value of the technological transformation

T. Define a release vector, K, to consist of all the releases necessary

in any period to specify the operation of the system, and let K be a
specific value of K. Let H represent the conversion function which
maps the hydrologic inputs aﬁd‘constraints,into the specific value of
the outpﬁts, ?.. Then the functional relationship between input, output,
decisions, and constraints;, is:
¥ = H(R,X,T,T (2.2)-
If the hydrology is specified in a unique fashion, the output is a
single-valued function of the input,‘constréints, and decisions,
The value of the release vector is obtained f£rom the operating poiicy.
Let L, be the ith such policy of the many possible policies. Then the
releases are determined by the operating policy as: .
R = Li(R,(’:,T,B(T’).Q) : (2.3)
where thé parameters of the operating policy, Gi' are included in the
Q set, In the globalisense, i is a decision variable determining the
form of the operéting rule, and Q and Li are linked and must be consistent,
For a given Q, only certain policies are feasible, and for a given Li;
only certain Q are appropriate,
It is obvious that the formulation is implicit, since the two

functional relationships state that the output is based on the input
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and the decisions, and that the decisions are based on the input and
the form of the benefit function cf the output, Consideration of a
dynamic ﬁrogramming dlgorithm will show that a formulation of this sort
is feasible, For this algorithm the decisions that will cventually
.determing putputs are made by a consideration of the form of the benefit
function for these oﬁtputs and the consequences of using any set of
decisions to obtain these outputs.

In practice, the conversion or transfer function H will be .
determinate from system properties, and in fact the construction of
a simulation is equivalent to, and often the only manner of, defining H,
Then, a given Li may be chosen, yielding R from equation (2.3), the ¥

may be obtained from H by equation (2.2), and finally, B(Y).

2.1,3 Sampling

As yet, no method has been found to lead directly to an optimal
system, optimally operated, from a knowledge of X, C, T, and B(Y).
As a consequence, many systems are usually investigated, and used to
map a response éurfac¢. Search processes over this response surface
attempt to detérmine the global optimum, One of the purposes of this
study is to extend these techniques to the enlarged model which treats
the operating rule as a parameter, and contains a ( set characterizing
the sample point additionally,

The sample space E consists of those points defined by X, Y, T,
and K, and satisfying the ?onstraints implicit in Cp and Csle‘ All
such points are feasiﬁle aiong the surfaces defined by the input-output

relation H. The inclusion of the Li as decision variables increases

the sample space and divides it into :sub-spaces determined as particular
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X, Y combinations obtained with any particular L. . Cloarly, not all

feasible X, Y combinations can be obtained from all operating policies,
A true global optimization policy, Lopts MY be postulated, that

yieldé ¥ such that B(Y) is maximized, while satisfying all constraints.

and taking into account the most sophisticated model possibhle in terms

of the 0 set., The L, may be termed boupdary policies, hecause some

featurés of the Q set are taken into account and may be thought of as
having zero value, The use of many L.1 for a given system is similar
to the classical search techniques along the boundaries of the sample

space. By sampling on many Ly the Looe Tule is approached, or at least

pt

delineated in some of its characteristics,
The Li partition the sample space E into sub-spaces, each associated

with a  set, Within a sub-space, the parameters of the operating rule

may be varied to locate the optimal rule for that sub-space. This

rule will achieve a local optimum on the response surface, but may

not rceach the global optimum given by Lo As a consequence, the

pt’
achievement of near-optimal operation by search among the various local
optima is the desired goal. The search is carried out over the form of
the operatiné rule to determine those rules which yield the highest
benefit regions in their associated sub-spaces. When promising rules
have heen selected, the parameters of the operating rule may be varied
to define the local optimum for the rule, and the final selection made
on this basis. True optimality cannot be achieved because the ( sets
do not reproduce reality, and beacuse the search effort will not he
able to investigate all Q gets and all parameter sets of the objective

function, Due to the inherent nature of mathematical modelling,

near-optimal operation is usually the only achievable goal,
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The engineering decision-maker is usually forced to choosc hetween
points in the sample space according to their associated values of €
and B{Y)}, since in most cases all objectives cannot boe expressed in
gconomic terms in a suitable manncer, The rule Lopt would then yicld the
maximum B(Y) qu anv C, Since this rule is unknown, rulcs which pive
maximum B(Y¥)} for C and O are sought, The sampling pfocoss may be
constdered to take the following form:

1)  Numerous mathematical models, of varying detail, completeness,
and accuracy arc available, which yicld various forms and
narameters of operating rules., For a given B(Y), X, C, T,
these models vield tlic releasc vector K and have associated
with them the set 7,

2) A simulation of the sfstem is considered to be available,
lacking only the vector K for each period. The insertion
of the various rules obtained from the models into the simulation
vields values of B(Y). The sampling process discovers thosc Li
and associated ) which lead to near-optimal points of £, as
determined by the results of the simulation and a suitable
search procedure.

The above is a formalization of the considerations to be used in

discussing water resource systems with associated models, Clecarly,

the refinements are not indicated, such as a complete listing of the
elements of the N set, and a detailed formulation of this set. The
above ideas serve essentially to conceptualize and organize thc‘main
features of the problem, and provide for a common language, sufficiently

explicit to discuss the problem at hand without ambiguity.
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3

2.1.3 Simple Secarch Techniques

when a fofm of operating rule huas been selected, the problem is
reduccd to the specification of the best values for the parameters
of the operatine rule, This involves the declincation of the
response surface, and a search for the optimalrpeak. A number
of possibilities exist for locating the optimal peak, Most techniques
presented describe a method of improving the position on the response
surface,‘starting from an initial position. The initial position
can be dctermined in a number of manners,

Uniform or.random srid sampling provide a number of points from which
to select an initial value for "hill-climbing', Linear programming can
be considered as a search technique that determines a single set of
operating policy parameters. This single sct provides a single point
on the response surface, from which improvements can be made. Thus,

a scarch process consists of two stages, First, an initial point or
points are selected, Secondly, the position on the response surface
starting from these points is improved,

Single-féctor analysis is one method of indicating an appropriatc
direction from a given point. T[ach of the parameters is varied by a
fixed increment, both increasing and decreasing the initial value of
the parameter. The parameters are varied one.at a time, with the
remaining parameters maintaining their initial values. Thercfo;e; the
number of tests performed is caual to twice the number of paramcters.
This procedure serves to indicate ;he gradient of the response surface
in the direction of each of the paramectcers. In many cases, the response
surface will he flat.in some directions, indicating indifference to

c¢hanee in that direction, and thus temporarily eliminating the particular
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paramcter from consideration. The advantage of single-factor analysis
is that it yields maximum information about the nature of the responsc
surface in the repion of a point,

Axial analysis is used in this study to i1ndicate a scarch along
the axes of the policy parameter space, starting from the origin, and
‘varying each.parameter individually to obtain a profile along its axis,
Any test in an axial analysis maintains all parameters except onc
¢qual to zero, The number of tests depends upon the grid spacing and
range of interest for the values of the variable. The advantages of
axial analysis are that it provides an indication of the shape of
the responsc surface, and that it can be used to definc the limits of
further studies, by noting those regions along the axis where henefits
decrease sharply as the parameter is increased along the axis. Certain
variables will show a horizontal profile at sufficient distance from
the origin, particularly those variables which are limited by availability
of water, Thus, increasing the target draft for a reservoir far
beyend the available water will not result in any change in benefits,
since this indicates that the parameter has gone heyond the range
of physical feasiblity, i.e. the indicated draft can never he supplied
with the existing hydrologyv.

Axial analysis can also be used to ohtain_a starting value for
hill-climbing by selecting the value of each parameter that maximizes
henefit along its respective axis, and combining these values into
a sinale parameter set, Axial analysis is simnle and strairht-forward
and need be performed only once for any search brocess.

Iarginal analvsis is used here to indicate an analvsis ﬁcrformod

when all but two variables have hecen fixed., Then all combinations of
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values of the two variables within a rance of interest are examined

for fixed values of the other parameters.  The number of tests depends

upon the range of interest and grid spacing, and is the product of

the number of test values selected for each variable, Marpinal

analysis is good at bringing out the fine strucfurc of the resnonse
surface, since it places a grid over the two variables of interest,

After the optimal combination of the two variables has bcen determined,
another set of variables can be examined in this manner, thus optimizing
"two at a time'. This is a substantial reduction in effort from placing

a grid over the entirc response surface. Marginal analysis is particularly
useful if the parameters naturally fall into pairs, as in the case for
a two-perioed model,

Finally, sensitivity analysis is used here to indicate a study
determining response to changes in a single variable, with all others
being held fixed. A single variable can often be iscolated and fixed
by sensitivity analysis at an optimal value during an early stage of
the search process, reducing the sample space.

Enginecring '"feel" and familiarity with the model are additional
tools that are important in eliminating parameters and indicating
nromising regions. Occasionally, a person who has constructed a
simulation model will have acquired suff?cient familiaritv with the A\
model to predict possible performance. Iesults of a test may be
analyzed with a thorough concept of what has taken place physically
in the simulation, rather than treating the simulation as a '"black
box" which vields a benefit value as output for a certain set of inputs,

Search techniques have been restricted to the simple methods noted

above, both to reduce the scope of the investigation and to investigate
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the applicability of the simpler techniques. Optimizing multi-variate
search techniques may‘more rapidly identify optimal regions, but as
always, trade-offs Detween such benefits and the efforts involved in
establishing a suitable optimizing multi-variate search procedure

must he considered.

' 2.1.4 State and Release Oriented Policies

One simple division of opcrating policies into two separate
classes, which would be reflected by two different values of a
parameter in the () set, is the distinction between state and rclease
oricnted pperating policies. For the purposes of this study, a releasc
oriented rule is a rule which vields the release from a reservoir
direqtly as a function of the input paramcters for the operating policy,
without considering variations in the relea;es due to expected differences
in inflow, high reservoir storage, etc. A release oriented policy
would attempt to meet a target draft under all circumstances, and the
target draft would not be revised or changed depending on the amount
of water available,

A state oriented rule Qould modify the target drafts according
to the water currently available. Thus, a flow higher than expected
in a given month would allow for a release greater than the usual
release during that month, Similarly, a deficient flow would modify
the target release by reducing it somewhat, rather than exhausting
the reservoir storage by attemnting to supply the normal relcase
during the month. A state-oriented policy needs additional paramecters
bevond target.rclcases in everv period, since some estimate of "normal"
flows and tvpical volumes is needed to detcrmine if water currently

available is normal, excess, or deficient, A linear programming model



is particularly suitable for yielding information about both target
releases and normal flow and storage levels. Thus, an attempt to
utilize linear programming and simulation models in conjunction would
consider using the data obtained from a lincar programming model
to indicatc target drafts, modified according to whether or not the
reservoir state corresponds to the state predicted by linear programming.
With any sort of rule that modifies decision variables based on
data, the degisions are only as good as the data, Thus, a state oriented
rule, which is expected to be superior to a release oriented rule, since
it modifies fixed releases in accordance with current conditions, may
in fact provelinferior to the fixed rule, if the predicted values of
state variables do not- correspond with reality. Adaptive control can
be bullt into a state oriented rule, to revise initally poor estimates,
and such adaptive control is certain to be a feature of any true
optimizing policy which must make predictions or compare with '"normal"
values for flow, storage, etc.

N

2.2 Survey of Previous Work

Although there is at present a fairly substantial body of work dealing
with various techniques of water resource systems analysis, material
treating directly the problem of optimal operation of multiple-reservoir
systems is not so readily available, reflecting the fact that this is
one of the principal unsolved problems in water resource systems analvsis,

Maass, Hufschmidt, et.al., in Des%gp of Water Resource Systems (1),

presented the first large-scale study of systems analysis techniques
for water resource systems., A description of a detailed simulation model

is presented, including features of the computer programming. The



operating rule is non-optimizing, with parameters specifying target
releases and flood-storage capacities. The Q) set does not include
prediction of future inflows, The parameters of the operating rulc are
not clearly identified as such,

Hufschmidt (2) &iscusses sampling techniques for examination of the
response surface geﬁerated by the simulation model, but does not treat
the operating policy as a parameter. Doxfman (3} describes a simple
2-period lﬁnear programming model for a basin with two reservoirs in
series, and a Q set specifying predictable hydrology. The complicated
method of treating the non-linear objective function is no longer
appropriate &ue.to advances in mathematical programming techniques.

The extension to more periods is demonstrated, and another model in
which the probability distribution for inflow is given is discussed.
These constitute increasing levels of sophistication of the Q set.

Thomas and Watermeyer further "ﬁpgrade" the level of the
Q set by using stochastic 1linear programming (4) to determine the
shape of the optimal policy for a two-period model of a single reservoir.
They indicate that the technique is restricted to single reservoirs, and
does not take into account serial correlation of the inflows,

Wallacé (5) develops a number of linear programming models of the
Maule basin, with varying Q set, including a lZLperiod monthiy model
with predictable hydrology. He also demonstrates a method of handling
serial correlation with stochastic linear programming, eliminating a
restriction in the work of fhomas and Watermeyer. Computational restrictions
limit the practicability of the technique.

Parikh (6) proposes a method for optimal operation.of multiple

reservoir systems, assuming complete knowledge of inflows over the
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planning pv.r'i,ﬁci. Ftis method requires that individual reservoirs be
optimized with respect to total system goals by dynamic programming, and
then indicates an iterative technique for global optimization of the

system. Opceration of a 4-reservoir system over 10 years is nptimizod

for the known flows,

Hall, Butcher, and Esogbue (7) utilize the dynamic programming
technique for a single reservoir that is postulated in Parikh's work,
again using complete knowledge of inflows., The operation of Shasta
Dam for firm and dump poWer and water yield was optimized by this
technique, with reasonable computational effort.

Bower, Hufschmidt, and Reedy (8) derive generalized operating
procedures to accomplish certain physical objectives, such as the
minimization of future spill, These procedures are not associated
‘with optimal operation for system goals except in so far as they
conserve water or distribute losses over time. A general discussion
of the nature of flexible operating rules is presented.

Hufschimidt and Fiering {(9) describe a detailed computer simulation
model of the Lehigh River Basin in Pennsylvania. An operating policy
making use of the space rule, described in (8), is developed., The
policy is non-optimizing and characterized in part by parameters,.

The parametérs are varied along with others to optimize total system
design, The concept of optimization of operating policies in conjunction

with rsimulatiorl models is presented, but the operating parameters are

not disassociated from other system parameters in performing the studies.
As a consequence, there is no assurance that the appropriate '"near-optimal!
operating policy 1‘-, being used for any values of the system design
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components, and the operating policy remains a parameter of the model,
As in the simulation model in (1), the operating paramcters are not
clearly characterized as such,

A dynamic programming optimization tecchnique is presented by Schweig
and Cole (10) for operation of two rescrvoirs in parallel supplying
the same demand, ﬁrincipally to demonstrate the feasibility of |
such a technique, Simplifications and restrictions limit the usefulness
ef the results,

Optimal operation of single reservoirs exclusively is treated in
a number of papers, Little (11) optimizes monthly relcases for
hydropower in Grand Coulee Dam using dynamic programming in one of
the earliest treatments of the subject, The @ set did not include
serial correlation among inflows, but specifies a probability distribution
for hydrologv rather than a predictable hydfology. Buras (12} treats
a reservoir and ground water basin used conjunctively, by dynamic
programming. The resulting optimal policy is state-oriented, and is
presented in tabular rather than algorithric form.

lales (13) uses dynamic programming to develop an optimal operating
rule used in a simulation model of a single reservoir, and investigates
the effects of forecasting of future inflows and reliability of
streamflow data on net benefits, Some search studies are performed
over parameters of the operating rule to choose optimal values, and
the eclimination of the operating rule as a parameter is recognized.
Young (14) uses a similar approach, but develops a forward-looking
dynamic programming algorifhm. The optimal policy is compared with
a fixed nolicy, and is found to be a significant improvement. A

mathematical formulation of the single-rescrvoir optimization problem
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is also included,

Ihanez (15) has done a survey of various types of operating policies,
and developed computer codes for four differcnt policics. Little
testing was done, but preliminary results indicated that a policy basecd
on data from a linear programming model yieidcd highest henefits on
a 1l0-yecar simulation run, Ibanez tested his opgrating policies on a
detailed simulation model of the Maule River Basin in Chile, develoned
by Leonvendagar and McLaughlin (16). The work of these investigators ..
is drawn upon substantially in Chapter IV of this report.

Poblete (20) has developed more detailed linear programming models
of the Maule basin than those of Wallace, Characteristics of 2, 4, and
12-period models of the same basin arc investigated. Results of his
work arc used in this study to define target parameters for operating
policies in the Maﬁle basin,

Finally, Hellstrom (18) has developed a generalized physical
simulation model and is currently using it in studies of the Connectictut
River Basin., Investigations using this model are presented in Chapter V,

In general, the literature survey indicated that the majority of
researchers have not adequately located the optinmal operation problem
in the spectrum of total project planning. Techniques and methods
proposed do not lead to uscful planning decisions. Therc appears to
be little recognition of the relation between reality and modelling,
and for this rcason many studies concentrate on optimization of the
model performance as the goal, rather than optimization of svstem performance,
A clarification of the precise goals involved in the studies is required,
and appronriate interfacing with other techniques has heen overlocked,

There appears to be a trend towards development of more and more
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sophisticated models, without attempting to determine how well the
simpler models perform, and how appropriatc the sophisticated models

are in the light of existing data structures,
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CHAPTER 111

THE PRELIMINARY MODEL

3.1 Introduction

This portion of the study constitutes an investigation of the

feasibility and characteristics of the proposed search technique, which

will be called linear pregramming-simulation-search (LP3S). An LPSS

process is used to define "optimal" values of operating policy parameters

in the following manner:

1)

2)

3)

4)

6)

A linear programming (LP) model generates initial values of the
operating parameters, consistent with the form of operating
policy to be used in the simulation,

The initial values of operating parameters developed by the
linear programming model ared used in a simulation to obtain

a value of benefits corresponding to the linesp: programming
parameters, |

Parallel to the development of the LP model, random or uniform
sampling and axial analysis are used to generate other parameter
sets, and simulation runs determine the associated benefits,

An examination of the results of Steps 2 and 3, combined with
insight into the characteristics of the simulation model, is
used to determine a best initiéal value.

Single-faétor, sensitivity, and marginal analysis are used as
deemed appropriate’during.the search process to improve the
values of the parameter set, Axial analysis is used to delineate
the houndaries of the response surface.

The search process continues by the methods of step 5, until
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‘the trade-off between further search effort and improvenment
in benefits dictates a halt, at which point the currently
"near-optimal® parameter set is accepted as dcfining the
operating policy.

The use of LPSS requires the existence of lincar programming and
simulation-ﬁodels of the basin of interest. The form of the operating
policy used in the simulation model should be consistent with the type
of data obtainable from an LP model.

Such models were constructed, with attention to the minimum coding
effort that could go into a simple simulation model designed to test
LPSS, The simulation model was coded in Fortran IV and implemented on
the IBM 360/40 and 360/65 computers, while the linear programming
model was generated and run on an IBM 1130 computer, using the LP-'0SS

1130 Linear Programming System (17).

3.2 The Simulation Model

3.2.1 Structure of the Simulation

The configuration for the preliminary model consists qf 4 reservoirs,
2 power plants, two independent inflows, and a downstream irrigation zonc,
connected as shown in Figure 3.1. This configuration contains as a
subset the simpler cases of parallel and series reserveirs, and is
sufficiently sophisticated in itself to present some interest. In
addition, if techniques for decomposition of reservoir systems into
subsyvstems are developed, then the configuration chosen represents the
minimal subsystem which includes combinations of parallel and series

reservoirs, such that all larger systems can be built up {rom parallel

“and series combinations of this suhsystem. This applies only to the
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reservoir configuration, not to the topology of the othér clements.,

| A generalized simulation model for this configuration was developed
and coded, with external operating rulc and benefit functions. The
model is discrete, with the number of periods per year a variable set

by the user, hetween 1 (a yearly model) and 12(a monthly model}., The
periods should be of uniform length., As coded, the model provides for

a maximum simulation run of 500 periods, or about 42 years for a monthly
model,

The hydrology of the two rivers in the configuration is supplied to
the simulation on punched cards, one card per period with two values per
card, for the total number of periods of simulation, The units are
arbitrary volume units per period, such as mslmonth, or acre-feet/season,
Reservoir capacity for the four reservoirs is given in the same volume
units as for inflow, and power plant and irrigation zone capacity are
similarly parameters of the simulation given in volume units per period.
Reservoir and power plant capacity are constant for all periods, but
irrigation capaecity may vary with the period, to reflect differences
in crop watér requirements from period to period.

Additional parameters of the simulation are the interest rate per
period, and the initial volume of the reservoirs at the start of the
simﬁlation period, in consistent volume units,

The operation of the simulation model proceeds as follows, The
hydrology is read into a matrix, from which values are taken one at a
time during each period for each river. The parameters of the benefit
functions, and capacities of the elements, as well as the interest rate
are rcad from punched cards. At this point, the operating paramcters

corresponding to the particular simulation run are recad. The simulation
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initializes all parameters to their apprﬁpriate values, and commences

the operation of the first period by calling the operating rule subroutine.
This subroutine will bhe described in detail below, The operating policy
subroutine determines appropriate values for releases from the four
reserveoirs and diversions to the two power plants and the irrigation zone,
Control is returned to the main program, which revises the state of the
reservoirs according to the releases as determined by tﬁe operating rule,
and proceeds to call the power bencfit subroutine, which is called each
period,

Power henefits are calculated in arbitrary benefit units as a
function of the diversion to each power plant, in each period, and the
shape of the functional relationship may vary from period to period
over the year. The form of the function, however, is constrained to
be two-piece piece-wise linear by the coding of the power benefit
subroutine, hut the slopes and intercepts are user-specified parameters
in each period over the year. Corresponding periods, or seasons, in
different years, will have the same benefit function,

For the present simplified model, the power benefit is a function
only of the volume of water supplicd to the power plant., No account
is taken of the technological transformations between flow, head, efficiency,
and power at the plant. For greater sophistication, a more detailed
evaluation of power production and henefits could be handled by a more
refined subroutine, but for the purposes of the preliminary model, the
discharge~based form of the benefit function proves entirely adequate.

The power subroutine calculates benefits from the two-piece function,
and discounts benefits to present value at the start of the simulation
period, then returns to the main program, where a running total of

the power henefits is kept,
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If the current period is the final period of the year, then the
irrigation benefit subroutine is called to calculate irrigation benefits
as a function of total irripation diversion during the year, As in
the power bencfit case, the irrigation benefit is in arbitrary
bencfit units, derived frﬁm a single two-picce piece-wisc lincar fuﬁctiqn,
with the exception that it is a single function for the entire year, and
does not vary from year to year, Irrigation benefits are taken as functions
of the total yearly diversion rathér than the diversion per period to take
into account in a simplified manner the nature of irrigated growing, Mo
henefit is ﬁrovided until the crops are harvested, in contrast to power
benefits, which may be considered to be of value for sale continuously
throughout the year, although the price may vary, |

The operating policy contains a provision for a maximum irrigation
diversion in each period, thus insuring that a large total for the year
cannot be obtained by supplying an excess in one period and a deficiency
in a later period or vice versa, both situations being detrimental
to the crop yield,

It should be noted that the benefit functions are considered to
be net benefit functions, There is no calculation of capital cost and
operating costs are already subtracted from gross benefits, The
situation simulates the case of constructed and paid-for facilities
with minimal operating cost compared to benefits,

As in the case of powef‘benefits, the irrigation benefits arc discounted
to present value, and control is returned to the main nrogram, where a
running total of irrigation'benefits is kept. The ﬁrocedure starts
again with the following period with anpther call to the operating policy

subroutine, and so on until the entire simulation run is completed., At
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this point pertinent information is printed out, and the parameters for
the next run are read in and the process repeats for the desired number
of runs,

Output from the program is availablce each period if the user desires,
In this case, at the ehd of each period the program will print out the
complétc state of the system, including reservoir volumes, releases
throughout the system, inflows, and power and irrigation benefits for the
current period, At the end of the run, the summaries and totals are
printed out as bhefore.

3.2.2 The Operating Policy

As noted previously, the operating policy subroutine for this
simulation is "external. That is, except for input/output functions,
which are included in the main program, the operating policy may“takc
any form whatsoever provided that at the end of each subroutine call,
unambiguous relcases at the pertinent points throughout the basin are
generated, As with the benefit functions however, a particular form
of operating peicy was most suited to the purposes of this study.

This form makes ﬁse of the so-called Standard Operating Policy,
discussed by Fiering (19) and Young (14} for single reservoirs and
represented graphically in Figure 3.2, An examination of this figure
shows that the policy may be represented by a piece-wise linear graph
determined by two parameters, the reservoir capacity and the target
draft in the pericd in question.

Neleases are determined unambiguously for a reservoir by this policy
as follows. Initially, the water available for use in any period is
determined, This is often taken to be the stored volume at the beginning

of the period plus the actual or expected inflow during the period; the
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model under discussion uses stored volume plus actual inflow, This
auantity of water is.compared with the target draft for the period.

If it is less than or equal to the target draft, then the entire amount
of water available will be supplied. If the water available is greater
than the target draft but less than the sum of target draft plus reservoir
capacity, then the target draft will be supplied, and the remainder of
"water available will be stored in the reservoir, As the volume of water
available increases still further, a point will be reached at which the
target draft can be supplied and the reservoir filled to capacity. Any
additional water must then be spilled. In essence, the policy operates
a reservoir to meet committments if possible, then to store as much as
possible up to capacity.

This fofm of operating policy can be particularly.useful in simple
simulation models due to its simplicity, the ease with which it can be
coded, and the fact that it depends on only one parameter other than
the reservoir capacity, which is fixed for a given study. -Fﬁrther,

a value for target draft in a peried is very readily obtained from

a simple linear programming model such as the one presented in scction 3,3,
Thus, the operating policy parameters are limited to one parameter per
reservoir per period,

Edrly results of Ibanez (15) indicated thﬁt an operating policy for
multiple reservoir systems based on the standard operating policy with
target drafts arrived at by a linear programming model developed by
Wallace (5) yielded higher net benefits over a 10-vear simulation
run than three other typcs.of pelicics tested., As a consequence, this
form of operating policy was selected for study in the preliminary model.

Releuases arc determined sequentially starting at the reservoirs
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furthest upstream, for which the water available is taken as the sum
of inflow during the period plus stored volume at the start of the period,
The standard operating policy is then used to determine releases from the
upstream reservoirs. Operation proceeds downstream, with the water
available being taken as the sum of stored volume plus wétcr réleased
from the upstream reservoirs., This is clearly a éimplification of
reality, in that such factors as transit time, local inflow, channel
losses, etc., are not taken into account. Including these factors only
implies an increase in sophistication of the model, and does not
reqﬁire the introduction of any new techniques.

The opcrating policy thus proceeds sequentially downstream, determining
releases. Diversions to power plants and the irrigation area are treated

|

in-a similar manner., A target value is determined as input data to the
operating rule, and this target value may be determined by a linear
programming model. In aﬁy case, the target values must not be greater
than the capacity of the facilities during the period in question. The
quantity of water available at the diversion point is compared with the
target value, and water will be diverted until the taxget value is
reached. At this point, no further diversion will take place. Thus,
the operating policy for the facilities has the form shown in Figure 3.3,

A typical operating procedure used for hydroelectric plants involves
generation of firm energy at a normal target walue below plant capacity,
| and generation of additional dump or off-peak energy up to plant capacity
when water is available., Typical benefit functions provide a certain
value for mceting.the target power, a loss function for not mecting the
target value, and an incremental value for dump power less than the

unitary, value of energy produced at the target level. The present model
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docs not take into account production of dump energy above a target

level, and the power benefit function is linear to plant capacity, with

no loss function associated with not mecting the target value, Accordingly,
such an econonmic struc£ure dictateg that the appropriate target dfveréion

to power éhbﬁld equal the plant capacity. Falling shért of this target

does not incur an increasing loss, as would be the case with a typical
non~linear power benefit function, and scttinn the target diversion to
capacity insures that all available water will be used for power generation
up to plant capacity.

An examination of fhc structure of Figure 3.1 shows that, with the
given linear benefit function, this is an efficient operating procedure’
for the power plants. If a power benefit function including losses
is used, or if return flow from power plants may be diverted to
another basin or sub-basin, or if changes in water quality must
be taken into account subject to total basin constraints, setting target
diversion to plant capacity will not necessarily be efficient. For
the present case, however, the targets may be set at capacity,

3.2.3 Data for the Simulation Model

For operatioﬁ of khe simulation model, hydrology, interest rate,
size of reservoirs, power plants, and%irrigation district, irrigation
and power henefit functions, and initfal volumes must all be specified,

In the terminology developed in Chaptér II, the simulation mode 1 coding
specifies the configufation, and the p%rtieular structure is determined

hy snecification of X and Cp' In this simnlified model, no T transformation
is required, since all parameters are in common flow and benefit units,

and the transformation is assumed to have been made externally in the

construction of the beonefit functions,
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At the start of this stage of the research an attempt was made
to.locate an actual basin with the desired configuration of elements,
and with appronriate data available., It soon became obvious that
selection of an actual basin would require efforts in data collection
and organization which were not pertinent to this part of the research;
As a consequence, an artifical data structure for the configuration
was developed, with' the actual data values selected by the author.
This served to concentrate effort on the study of the LPSS process itself,
and is not considered a fundamental limitation since Chapters IV and V
deal with basins with real data structures,

For the model, the X vector was chosen as an explicit specification
of hydrology by flows in each period over the simulation duration.
The word "hydrology" is used here to indicate this kind of spécification,
rather than other alternative possibilities. |

Initial testing and development of the model was performed using
a 5-year two-season hydrology. A 50-year hydrology was generated from
this 5-year hydrology by duplicating the punched cards and sﬁuffling
them, maintaining proper seasonal order. The mean values of the 5-year
set were used as input to the linear progfamﬁing model, and the initial
50-year hydrology, termed data set 2, had identical mean values by the
method of generation. Further, the generating method reduced the
influence of sﬁochasticity in creating differences between the simulation
and linear programming models., Search techniques were tested and
developed using data set 2. For further studies, six synthetic hydrologies
were developed from a Markdvian recursion model using a normally
distributed variate, with mean and standard deviation equal to that

shown in Table 3,1, Regression and correlation were not taken into
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account in the generation of the six "synthetié hydrologies'.

Capacities of reservoirs, power plants, and irrigation district
were selected in accordance with the hvdrology, so that the power and
irrigation demands would present a competition in use, with the.demands
slightly greater than the mean inflow for the year, and out of phase with
the seasonal inflows, Prior to the development of the linear programming
model, and for the initial studies, reservoir capacities were selected
large cnough fo hold at least the mean upstream inflow for the year,
Table 3.1 lists the pertinent data values.

Benefit functions, B{Y¥), for the model, are two-piece piece-wise
linear functions to element capacity. The general form is as shown in
Figure 3,44, For the simulation model to coincide with the linear
programming model, however, the benefit functions for power and irrigation
are linear to element capacity, with target output equal to element
capacity, as shown in Figures 3.4b, ¢, and d. |

Interest rate and initial volume of the reservoirs at the start of
sinulation were taken as paramcters whose influence was to be determined
in the initial stages in order to fix on appropriate values for the
LPSS procedure. Further studies were undertaken to examine the
sensitivity of the optimal policy to these factors and to reservoir
capacity, These studies will be discussed in a later section,

Further data for the simulation model consists of target releases
at the four reservoirs and three diversions to power and irrigation.

As noted previously, the target diversion at all diversion points should
be set equal to the element.capacity. The rcsults of the linear
programming model yield target diversions less than element capacity

due to limitations on total water, but for the purposes of the simulation
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TABLE 3.1

DATA TOR THE SIMULATION “MODEL

Season 1 Season 2

“ean Inflow (volume/period)
| © River 1 42.2 68.6
River 2 | 39.0 62.4

Standard Deviation of Inflow

(volume/period)

River 1 10.0 15.0
River 2 10.0 15.0
Irrigation Requirement (vol,/period) 175.0 40.0

Power Plant Capacity (volume/period)

Plant 1 65.0 65,0
Plant 2 _ 65.0 ‘ 65.0
Reservoir Maximum Capacity (volume units)
1 | 100,
2 100G,
3 . 150,
4 200.
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the targets are sct to element capacity.

3.3 The Linear Programming_ﬂodel

3.3.1 Introduction

As noted previously, results of Ihanez (15) point to the applicability
of a linear programaing model used in conjunction with a simulation,
The main difficulty in constructing a linear programming model of an
existing water resource éystem is generally in obtaining data and
selecting the best possible linearization assumptions. In the present
case, the simulation model was constructed to be as linear as possible,
The only deviation from linearity in the simulation model is the stochastic
nature of the inflows.. Thus, the construction of the linear programming
model was straight—forward. In particular, the use of only two
hydrologic periods per year is a simplification of the linear programming
formulation, since the resultant operation of the reservoirs is always
to store in onc season and to release in the other.
3.3.2 TFormulation of the Linear Programming lodel

The formulation of the linear programming model is in the

terminology of the LP/!0SS system. The LP/'0SS systenm allows for
the use of mnemonic names for the variables. For the present model,
variahles for each reservoir are the following:

1) Vvis, Viw {i=1,2,3,4) Storage volumes in each of 4 reservoirs
at end of Summer (lst period of year)
and Winter scasons respectively

2) TRGiS,TRGiW (i=1,2,3,4) Surmer and Winter releases ét cach
reservolr

~

3) NB1S ,OBLW,NB2S,0B2W Summer and Winter inflows to reservoirs

o

1 and 2 respectively
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Similarly, variables for the power plant and irrigation facilitics are:
1} PT1S,PTIW,PT2S,PT2W Summer and Winter diversions to ﬁowcr
Plants 1 and 2
2) CPS,CPE Summer and Winter diversions to irrigation

In addition, for a complefe formulation, the following variables are

included:
1} FL1S,FLIW,FL2S,FL2W Winter and Sumher relcases bypassing
power plants 1 and 2
2)  X8§,XsW. Summerrand Winter excess water diverted

from irrigation area

Thesc last-defined variables are in reality slack variables defined to
- prevent negative flows at the power plants and irrigation area.

The above definitions are indicated schematically in Figure 3.5,

Two kinds of constraints arc present in the model. The conservation
constraints require conservation of flow at the feservoirs and
diversions. The capacity constraints insure that capacities of reservoifs,
power plants, and irrigation requirements are not exceéded.

Conservation constraints for the model are the following:

1) VIS = Viw + QB1S - TRGIS
VIK = VIS + QBLY - TRG1Y ‘Continuity at reservoir 1
(3.1a)
2) V2s = V2¥W + QB2S - TRGZS
Continuity at reservoir 2
VIW = V2S5 + (OB2ZW - TRGIW (3.1b}

3) V3S = V3IW

+

TRGIS - TRG3S _
' Continuity at reservoir 3

V3w = V35 + TRGIW = TRG3W ’ (3.1c)
4) V45 = V4W + TRG3S + TRGZL - TNG4S
Continuity at reservoir 4
Vi = V45 + TRG3IW + TRG2W - TRG4W (3.1d)
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5} TRG1S

I

PT1S + FL1S
Continuity at Plant 1
PT1W + PL1W (3.1¢c)

TRA1W

6) TRG2S

PT2S + FL2S ‘
Continuity for Plant 2

TRG2W = PT2W + FL2ZW (3.1
7) TRGAS = CPS + XSS
. Continuity for Irrigation
TRGAW = CDPW + XSW (3.1g)

The above constraints are sufficient to define the configuration of the
linear programming model, and the scheme of water transfers, Capacity

constraints for the model are the following:

1

1y V1§, viw < Capacity of Resefvoir 1 {3.2a)
2) v2s, V2w f_. Capacity of Reservoir 2 {3.2h)
3) ?VSS; V3w < Capacity of Reservoir 3 (3.2¢)
4) V4S, Vaw 2 Capacity of Reservoir 4 (3.2d)
5) PT1S, PTiw < Capacity of Plant 1 (3.2¢)
6} PT25, PT2W < Capacity of Plant 2 (3.21)
7) CPs .j_ Summer Irrigation Demand (3.2¢g)
8) Cpw < Winter Irrigation Demand {3.2h)

Constraints 1 through 4 insure that storagc will not ekceed reserveir
capacity in any rescrvoir in either summer or winter seasons. The
remainder of the capacity constraints insure that the power and irrigatién
capacities are not exceeded.

Equations (3.1) and (3.2} are consistent with a discretization
prdcedure for the model which corresponds to that used in the simulation,
Inflows may he considered to take place at the beginning of a period,
and drafts released immedidtély thereafter., The reservoirs then store
at stcady state for the remainder of the period, The draft may have

any value up to the:sum of the inflow plus stored volume from the previous
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period, as an examination of equations (3.1) will show, This
discretization procedure is equivalent to the assumption of uniform
draft and inflow rates throughout the period.

The objective function, given the label PROFIT, is taken as:

PROFIT = 4,0 PTIS + 6.0 PTIW + 4,5 PT2S + 6.5 PT2W + 7.5 (CPS+CPW) (3,3)
The value of the coefficients is identical to that used in the benefit
functions in the simulation medel, but no discounting is present, As
in the simulation, the benefit is solely a function of the diversions to
irrigation and power, The objective function is to be maximized,

In running the linear programming model, QB1S, QB1W, QB2S, and QB2W
are constrained to be equal to the seasonal means obtained from the
S5-year hy&roiogy originhlly selected for the simulation, given in Table 3;1,
and the reseivoir, power plant and irrigation capacities are constrained
to the values shown in Table 3,1, All wariables are taken as non-negative,
3.3.3 Results of the Linear Programming Model

Implementation of the linear programming-mddél on.the IBM'1130
'required 18 minutes, start-to-finish, and required 16 Simplex iterations.
The maximum value of the objective function was 2751 benefit umits,

The values of the other variables are shown schematically in Figure 3.6,
and given in tabular form in Table 3.2. Results show that the summer
irrigation capacity and winter power capacity are used in full, while
the winﬁer irrigation and summer power are at less than their maximum
values, due to insufficient water, Reservoirs 1, 3, and 4 store in

the winter, and reservoir 2‘stores in the summer, There is no excess
flow, as evidenced by the zero values of the slack variables. The
capacity constraints on the reservoirs were not binding, and the results

indicate reservoirs much smaller than the capacity constraints. The
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capacities used in the following studies are both the capacity constraint

values, and later the linear programming capacities.

3.4 Studies with the Simulation Model

3.4.1 Scope of the Studies

As noted in the introduction, the primary iﬁvestigation to hc'performed
is the study of the proposed LPSS technique, Additional studies
examine in a limited manner the characteristics of a simulation model
with an associated linear programming model, and test features which
cannot be readily examined with the larger models,

Studies have been grouped into.diffcrént series, each series
comprising one major area of investigation. For all but one of the
studies, simulation runs of 50 years were used, and only summary output
was vbtained. Bgnefit.functions and power and irrigation capacities
‘were held constant for ail studies, while initial volume, interest rate,
capacities, and operating policy:targets were taken as parameters. The
ﬁarameters of the operating policy were chosen as the 8 target drafts,

1 for each of the 4 reservoirs for each period, yielding an 8-dimensional
policy parameter vector. Eacﬁ simulation run of 50 years required
approximately .02 minutes of computation time on the IBM 360/65 computer,
Thus, a large number of runs could be made without prohibitive cost

in terms of computer time, Descriptions of the type of study made

in each series are présented in the remainder of section 3,4, results

and discussion in section 3.5, and conclusions for this model are

found in section 3.6.
13.4,2 Series 1

Series I studies compare results for initial parameter sets obtained
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TABLE 3.2

RESULTS OF LINEAR PROGRAMMING MODEL

Variable Value (volume units)

V1is ' 0.0

viy 3.6

V25 2.6

V2w 0.0

V3is , ¢.0

V3N 65.0

vV4s 0.0

V4w 27.8 -
 TRG1S 45,8

TRGIW 65,0

TRG2S ‘ 36.4 PROFIT = 2751 benefit units
TRG2W ' 65.0

TRG3S 110.8 Reservoir Capacity (volume units)
TRG3Y 0.0 1 3.6
TRG4S 175.0 2 2.6
TRGANW 37.2 3 65,0
PT1S 45,8 4 27.8
PTIW 65,0

PT2S 36.4

PT2YW 65,0

CcPs 175.0

Cpw 37.2

FL1S 0.0

FL25 ‘ 0,0

FL1W 0.0

FL2W 0.0

Xss i 0.0

XSW . 0.0
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by linear nrogramming and random sampling, Influence of interest ratc
and initial velume is studied briefly to select appfopriate values
for use in the remaining portidn of the LPSS process,

Reservoir capacities were set at 100, 100, 150 and 200 volume units
for reservoirs 1 through 4 respectively, using data set 2, A total of
seven parameter scts were studied with a view to selecting a starting
point for hill-climbing. The values of the‘s individual targets for
cach parameter sct are presented in Table 3.3a. (The various portions
of Table 3.3 present values of the parameter sets used in the studies,
and hereafter, parameter sets will be referred to by their numbering
in Table 3,3),

Parameter sets 1, 2, and 3 define policies with targets selected
at random from the range of '"reasonable" values for each of the
targets. Set 4 is a policy at the origin in parameter spcae, and
operates to maintain full reservoirs by setting controlled release
at zero, requiring all releases to be spills, Set 5 is the inverse
of this, and causes operation with empty reservoirs, since the value
of 200 units for target draft is always greater than the available water
for any period, 1If initial reservoir volume is zero, parameter set
5 yields a limitiﬁg policy of run of the river operation. After the
reservoirs are either full or empty, operation according to sets 4 and 5
is identical, Set 6 is the parameter set derived from the linear
programming model. Set 7 was obtained after examining the results of
simulation runs with sets 1 through 6, and as such is not strictly a
"starting value", since somé degree of search has been performed to
obtain set 7. Sets 1 and 6 yielded highest benefits, Parameter set

7 was constructed by starting from set 6 and "moving in the direction of"
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Policy

TABLE 3.3

OPERATING POLICY PARAMETER SETS

T(1,1) T(2,1) T(3,1) T(4,1) T(1,2) T(2,2) T(3,2) T(4,2)
1 90 80 100 180 80 60 60 60
2 70 30 85 - 105 30 40 65 65
3 60 50 70 150 50 30 30 30
4 0 0 0 0 0 e 0 0
5 200 200 200 200 200 200 200 200
6 45,8 36.4 110,38 175 65 65 0 37.2
7 65 65 110 175 65 65 0 40
Table 3,3a
Parameter sets for Initial Studies
Policy T(1,1) T(2,1) T(3,1) T(4,1) T(1,2) T(2,2) T(3,2) T(4,2)
8 50.8 36.4 110.8 175 65 65 D 32.2
9 37.2
10 38.0
11 39.0
12 40,0
13, 41,0
14 ¢ v v v 4 “ ¢ 42,2

Table 3,3b
Parameter Sets for Sensitivity to Target (4,2)
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TABLE 3,3 (CONT.)

Policy T(1,1) T(2,1) T(3,1) T(4,1) T(1,2) T(2,2) 1(3,2) T(4,2)

15 65 65 110 175 65 65 0 40

- 16 70
17 . 60

18 65 70
19 60

v
20 65 115
21 105
22 - 110 180
23 170
24 ' . 17s 70
25 60
26 65 70
27 | | 60
28 | | | - 65

29 '
$ v v v J

30

45
35

-0 e

_ Table 3.3c¢c
Parameter Sets for Single-Factor analysis
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TABLE 3.3 (CONT.)

Policy T(},1) T(2,1) T(3,1) T(4,1) T(1,2) T(2,2) T(3,2) T(4,2)

31 50 3 ¢ 175 65 65 0 40
32 55 '
33 60
34 - 65 4
35 50 40
36 55
37 60
38 65

L 4
39 50 45
40 55
41 60
‘42 65

«»
43 50 50
44 55
45 60
46 65

v
87 50 55
48 56
a9 60
50 65

v
51 50 60
52 55
53 60
54 65

L J
55 50 65
56 55
57 60
58 65 $ & Jn Jf : i X +

* - The values of target (3,1) depends on results of the single-factor
and sensitivity analysis in each case,

Table 3.3d
. Parameter Sets for Marginal Analysis
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TABLE 3.3 (CONT.)

Policy T(1,1) T(2,1) T(3,1) T(4,1) T(,2) TQ,2) T(3,2) T(4,2)

59 65 65 112 175 65 65 0 40
60 14

61 118

62 118

63 120

64 130

65 140

66 150

67 v Y 160 y b ¥ 4 R

Table 3.3e

Parameter Sets for Sensitivity to Target (3,1)
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Set 1 in policy parameter space,
3.4,3 Series II

Series II constitutes the continuation of the LPSS techrique from
a starting point locﬁted by Series I, Reservoir capacities are those
used in Series I, with an interest rate of 0. Initial volumes are taken
as the appropriate steady-state contents of each reservoir, as determined
by the linear programming model.

Six synthetic hydfologies were generated and used. Set 7 was used
as the starting point on the basis of results of Series 1, and a single-
factor and marginal analysis were performed for three of the hydrologies.
3.4.4 Series III

Series III studies are similar to those of Series II, except that
capacities used in the simulation are those generated by the linear
programming model, presented in Table 3.2, A starting set for the
searéh_is again selected as set 7, and results of single-factor,
marginal, and axial analysis are presented in graphic and tabular form.
Synthetic hydrologies are used, and the LPSS process carried out in
detail for hydrologies 1 and 2. A portion of the Series III study
examines the problem of differing "near-optimal' parameter sets
being obtained for different hydrologies by the LPSS process.,

3.4,5 GSeries IV

The foregoing studies served to test the general concept of LPSS,
The remaining series examine sensitivity of the LPSS process to initial
volume, capacity, and interest rate, and study interfacing of the
linear programming and simuiation models,
| Series IV investigates the sensitivity of the near-optimal parameter

set obtained as the result of an LPSS process to changes in the reservoir
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capacity, If a ﬁear-Optimnl set determined for LP capacities can be
shown insensitive to small changes in reservoir capacities, then the
“planning effort is reduced considerably, since an LPSS process need not
be performed for each small change in proposed reservoir capacity.

Series IV studies were undertaken with hydrology 1 (of the six
synthetic hydrologies) and initially empty reservoirs, for an interest
rate of 0, To reduce the number of parameters, variation in reservoir

- capacity was cbtained by muitiplying the linear programﬁing capacities

by a single parameter, thus maintaining the ratio of reservoir capacities
- identical for all runs, and allowing plotting of results as a function
of the single multiplying factor,

3.4,6 Series V

Studies were undertaken in Series V to 1n§estigate sensitivity
of the near-optimal parameter set obtained by LPSS for a 50-year simulation
wiih linear programming initial volumes, to changes in initial volume.

Hydrology 1 was used for linear progragming reservoir capacities and
various interest rates. As in Series IV, the number of parameters

was reduced by taking initial volumes as a single percentage of reservoir
capacity for all reservoirs. This percentage is the parameter against
which benefits are plotted, |

3.4.7 Series VI

Runs made in Series VI are an investigation of the sensitivity of
the near-optimal policy obtained by LPSS for an interest rate of_o.o, to
changes in interest rate, Various interest rates are studied. For each
of the interest rate#, anaLfSS process is carried out to determine the
near-optimal pblicy'for that particular interest rate, Results are

compared to the results of simulttion ¥wis using the.near-optimal policy
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found for 0.0 interest rate at the different interest rate. Hydrology 1
is used, with initially full reservoirs and linear programming reservoir
capacities. |
3.4.8 Series VII

Series VII studies examine the persistence of the effects of
changes in initiai volume, using the near-optimal policy generated by
LPSS for the full 50-year simulation with LP initial volumes. Hydrology 1
is investigated at an interest rate of 0.0. Benefits for the cases of
initially full and initially empty resexrvoirs are compared for various
durations of simulation. Together with the results of Series V,
Series VII studies serve to investigate the possibility of developing
state-orientation in the operating rule througﬁ the simple expedient
of variation in initial volume. |
' 3.4,9 Series VIII

A suggested technique for testing the correllation between the
linear programming and simulation models of a basin is examined in the
study-of-Series VI1I, The proposed techniﬁue is to examine the benefits
in each model.for zero reservoir capacity, thus entirely eliminaﬁing
operation as a factor, and isloating the effects of stochastic inflow
and non-linearities. A run is made with zero reservoir capacity for
50 years duration, and the mean annual benefit is compared with that derived

from the linear programming model with run of the river operation.

3.5 Results and Discussion of Results

3.5.1 Series I
Results of Series I studies to compare initial parameter sets from

random sampling and linear programming are presented in Table 3.4, For
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the studies of Series I only, the summer power capacity for parameter
set 6 was changed from 65 units for both plants to the values determined
by linear programming, 45.8 units for plant 1 and 36.4 units for plant 2,
The reduced power target values are generated by linear programming in
accordance with constraints on the available water, Thus, in each summer
period in-the steady-state linear programming solution, the amount of
water at the diversion point is limited by the hydrology to the values
of 45,8 and 36.4 units. Since no more water is avallable, power targets
are set by linear programming to this value. For the simulation however,
stochasticity in the inflows occassionally produces flows at the

diversion points in excess of the values prescribed by linear programming.
To make use of this additional water, the power targets in the simulation
model are ordinarily set to 65 units, equal to the plant capacities, For
Series I only, the.precise results of the linear programming model were
used to establish the power targets. A test was performed to determine the
decrease in benefits resulting from using the LP-generated power targets,
Results indicate a decrease in benefits of 128 units from benefits
produced using the 65 unit targets throughout, for an interest rate of 0,

Figure 3.7 plots a portion of the data of Table 3.4, as benefit
vs. interest rate for parameter set 7 and LP initial volumes. This
plot shows the typical form for such a discounted evaluation, and indicates
the extreme effect of intefest rate in determining the level of benefits,
An examination of Table 3.4 shows that the rank ordering of the 7 parameter
sets according to associated benefits does not change for the two
different interest rates of—0.0 and 0,06,
Figure 3.8 is a comparison of the effects of initial volume on the

7 parameter sets studied, for an interest rate of ,06. Benefit is plotted
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el I INITIAL INITIAL
il 1= VOLUME VOLUME
€1~ |=% CAPACITY | =L.P.VALUE
1 23048 22405
2 18601 18185
3 21273 20697
418 18928 18245
5 15928 14811
6 23670 23426
7 24240 23593
1 — 127433
2 — . 108985
3 — 1243717
4|3 — 101589
5 T — | 97845-
6 137326 136230
7 138313 136674
5 o p— 27792
7 1% — 27569
B — 34090
7 — 34288
B — 43693
7 - 43924
8 | — 59266
7 1< — 59550
6 |- — 86250
7 1< — 86609
TABLE 3.4

| RESULTS OF SERIES I
BENEFIT FOR DIFFERENT POLICIES
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against "policy' with inital volume as a parameter. The '"policy”
axis places pafameter sets in rank order for decreasing benefits., As
can be seen from the figure, no change in rank ordering is found for
the two different values of #nitial volume, and no significant
‘difference iﬁ the shépe of the curfes is noted.

Resultsiéf Series 1 show that initial values for an LPSS process
may be otained with a simple procedure., After completion of the simulation
model, formulation of the linear programming model provee quite straight-
forward, Of the 6 parameter sets initially tested, linear programming
yielded the highest benefits, but the presence of the random policies
served to indicate areas of improvement oﬁer the linear programming
parameter set, which led to parameter set 7, the principal starting
point fof further search. Early identification of the initial volume
and iﬁterest rate as parameters allowed for selection of appropriate
values for later studies. |

The fact that rank-ordering of different parameter sets did not change
for two different interest rates led to the selection of 0.0 as an
appropriate value for the majority of the LPSS studies. An interest
rate of 0,0 leads to highest benefits, and consequently, greatest
resolution of the diffﬁrence between methods of operation. In addition,
it allows comparisons of mean annual benefits for simulation runs with
the annual benefit obtained by linear programming., Thus, mean annual
benefits for a 50-.year simulation run with parameter set 6 of 2724
units are very close to the annual benefit of 2751 units obtained by the
linear programming model, .The large reservoir capacities serve to
regulate the flow and reduce the effects of stochasticity so that

the two models are comparable., The manner of construction of data set 2
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from 10 replicate s?ts of S~-year hydrologic sequences further reduces
. the effact of stochasticity that would be found in a sequentially
generated synthatic hydrology.

In the absence of information about initiai volumes, those values
indicated by the linoar‘programming solution are used for the majority
of the LPSS studies, Figure 3.8 shows that thé rank ordering of the
parameter sets is insensitive to initial volume over a $0-year simulation,
so this decision does not appear to be c¢ritical, If the situation is
such that a particular value of initial volume is known or expected
~ to exist, it should be used in place of the linear programming volume.
3.5.2 Series 1I |

Results of Series Il studies of the LPSS process for 6 synthetic
hydroldgies are presented in Table 3.5, Table 3.5a presents benefits
obtained for a 50-year simulation run for the 7 initial parameter sets
for 6 differsnt hydrologies, with an interest rate of 0.0. Rank ordering
of the 7 parameter sets with respect to benefits does not change as a
function of hydrology used. Parameter set 7 remains the best initial
point, |

Studies of Series I and II suggested that the value of target (4,2)
could be fixed for all parameter sets by a sensitivity anal}sis. Parameter
sets 8 through 14, presented in Table 3,3b, were used to obtain the
results.presented in Figuré 3.9, for benefits as a function of target (4,2).
Thesé results indicate clearly that the value of target (4,2) should be
fixed at 40 units, equal to the 2nd period drrigation capacity. Physical
reasoning confirms the corréctness of this value,

Table 3.5b presents results of a single~-factor analysis from the
starting point of parameter 7, This single-factor analysis constitutes

the second step in the LPSS process. Parameter sets refer to those given
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TABLE 3.5

intevest = 0,0 LP initial volume Reservoir Capacities 100,100,150,200

RESULTS OF SERIES Il

Policy 1 2 3 4 5 6 <«(liydrology)
1 127173 125866 129023 124359 129156 128534
2 108370 107684 109109 105968 109697 1109145
3 123805 123417 124934 122354 125162 124526
4 96220 95372 97431 94721 98738 97032
5 99832 98768 101192 98420 102340 101101
K 135335 133864 136804 133364 135975 135679
7 136281 134240 137427 133524 137178 137135
Table 3.5a

Benefits for Initial Studies, ¢ Hydrologies

policy 1 2 <«(hydrology)

- 15 136281 134240
18 136196 134105
17 1362453 134236

18 136141 134131
19 136317 134260
20 136580 134478
21 136114 134203
22 135347 133582
23 135328 134091

24 135784 133766
25 135850 133830

26 135805 133807

27 136021 134010

28 136580 134478

29 134506 132688

30 135291 134053
Table 3.5b

Single Factor Analysis, 2 Hydrologies
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TABLE 3.5 (CONT.)

Policy 1 2 3 +(hydrology)
31 135817 134100 137063
32 135934 134582 137154
33 135893 134624 137086
34 135909 134628 137124
35 136390 134118 138002
36 136607 134570 138027
37 136466 134611 137926
38 136525 134615 137909
39 136456 133987 137828
40 136573 134438 137853
41 136532 ' 134480 137752

42 136571 134484 137755
43 136376. 133840 137678
44 136493 134291 137703
45 136452 134333 137602
46 136511 134337 137605
47 136285 133788 137591
48 136402 134239 137616
49 136361 134280 137514
50 136419 134285 137518
51 136210 133769 137537
52 136327 134220 137562
53 136286 134261 137460
54 136345 134266 ~ 137464
55 136173 133749 137512
56 136291 134201 137531
57 136249 134242 137436
58 136308 134246 137439

Target (3,1) = 110.8 for all hydrologies

Table 3.5¢

Marginal Analysis, 3 hydrologies
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in Table 3.3¢. Results show that for both hydrolopies 1 and 2, greatest
benefits are obtained by parameter sets 20 and 28, which reprosent
increases of 5 units in targets (3%,)) and (3,2) respectively, Benefius
obtained are identical since the two parameter sets both prescribe

the release ¢f an_additional 5 units of water foxr irrigation, and the
dowmstream reguldtion dEf¥ded by reservoir 4 provides that the water
supplied ih thé Zhd ‘Teason can be stored for use in the first season,
Thus, although the physical ope%atiohlof‘fhé basin due to parameter

sets 20 and 28 is different, the net effect of both is to supply an
additivnal -5 units of iryigation water in the first period, and hence
bORUFLLS -are identical.’ Since the nét effect is ta provide additiovnai
waEy ifithe First season; forthé? studiss are Carried out with target (3,7
at daro ‘levst,

“i13Tdble 3.5¢ presents results of a marginal analysis on targets (1,1)
and (2;1y5 ?hééa"targefs"ﬁafé“ﬁalé&téé &5 being significant after
ekanination ‘6 the -vesults of ‘thé simgle:factor analysis, For the
maPginal mitilysis, tHé 'value -of target (3,1) Was held constant at
110, 8 “unite,

Marginal snalysis yields different combinations of the two iafgeés'v
foreach of the three hydroldgies. Thus, the targets (1,1) and (2,1)
for tydrology 1 are 55 and 45 units, those for hydiaibgy 2 afé o
65 and ‘35 units, and those for hydrology 3 are 55 and 40 units,

The above procédure does not represent a true LPSS search, since
the value of target (3,1) in the marginal analysis was not selected
by sensitivity analysis for each hydrology. The true LPSS search was
not performed due to the recognition that the reservoir capacities
for Series I are excessive., Accordingly, Series III presents results

of a true LPSS search with appropriate reservolr capacities.
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Notwithstanding the above consideration, certain features of the
LPSS process can be noted. Levels of benefit obtained for 50-year
simulation runs are not significantly affected by using different
hydrologies, Comparison of results for the first 7 parameter sets with
results presented in Table 3.4, which used data set 2 as the hydrology
_specificétion, shows that benéfits are again comparable, even though the
hydrologies were generated by different means, |

Although benefits are comparable for different hydrologies, results
of the marginal analysis show that the near-optimal parameters are a
function of hydrology. This dependence is examined further in Series III.
3.5.3 Series III

Series I1IT studies constitute a full LPSS process. Reservoir
capacities generated by linear programming were used, instead of the
large capacities of Series I gnd II, As a consequence, stochastic
effects are more significant, and the reservoirs will spill from
time to time, which was rarely the case in the simulation runs of
Series I and II,

Table 3.6a presents results of simulation runs for 6 hydrologies
for the 7 initial parameter sets, Behavior is similar to that found
in Series i and II, with rank ordering being constant for all hydrologies,
and parameter set 7 beiﬁg superior in all cases,

Single-factor analysis, with results presented in Table 3.6b,
shows that benefits are most sensitive to targét (3,1). Contra;y to
results of Series II, increases in target (3,2) cause decreases in
benefits, The diffexence is due to the decreased capacity for regulation
by reservoir 8 in Series III, favoring targets which supply irrigation

water when it is needed, in period 1.
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TABLE 3.6
RESULTS OF SERIES III
Policy 1 2 3 4 ‘5 6
S 115086 114098 116673 112496 116830 116464
2 109380 108315 109685 107282 110209 109786
3 121238 120105 122074 119903 122721 121789
4 99260 98148 100520 97851 101704 100333
5 199832 98768 101182 ~----- 102340 101101
6 130077 129777 131747  emeee- 131875 131238
7 130416 130119 131878  =wawa- 132151 131669
Table 3.6a

Initial Studies, Linear Programming Capacities, 6 hydrologies

policy 1 2
15 130416 130119
16 130416 130119
17 130416 130114
18 130385 130119
19 130399 130119
20 130455 130311
21 130239 129730
22 130250 130039
23 130029 129633
24 130269 130003
25 130402 130072
26 130274 129966
27 130405 130148
28 130083 129643
29 129736 129329
30 130378 130038

Table 3,6b

Single Factor Analysis, 2 hydrologies

~75.

+(hydrology)



policy 1 2 +(hydrology)
59 130459 130207
60 130461 130281
61 130455 130341
62 130454 130390
63 130437 130431
64 130437 130541
65 130437 130569
66 130437 130569
¥ 130437 130569
Table 3.6¢c

Sensitivity to Target (3,1), 2 hydrologies

policy

* . target (3,1) = 114

** . target (3,1) = 140

3 2r +(hydrology)
31 130186 130311
32 130242 130339
33 130241 130338
34 130241 130344
35 130245 130354
36 130300 130383
37 130300 130382
38 130300 130387
39 130330 130408
40 130385 130447
41 130385 130446
42 130385 130452
43 130382 130485
44 130437 130531
45 130437 130539
46 130437 130545
47 130413 130516
48 130468 130561
49 130468 130577
50 130468 130582
51 130412 130503
52 130468 130548
53 130467 130564
54 130467 130565
55 130406 130508
56 130462 130548
57 130461 130564
58 130461 130569
Table 3.6d

Marginal Analysis, 2 hydrolegies
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The next step in the LPSS process was to perform a sensitivity
analysis to values of target (3,1), for hydrologies 1 and 2. Results
are presented in Table 3.6¢, with parameter sets being identified
by corresponding numbers in Table 3,3e. For hydrology 1, results
indicate a value of 114 units, while for hydrology 2 140 units
yields maximal benefits,

After tentative values for target (3,1) have been fixed for both
hydrologies, the mérginal analysis of Table 3.6d is performed.

Results are plotted in Figures 3.10 and 3,11 for hydrologies 1 and
2 respectively, as plots of benefit vs, target (2,1), with target (1,1)
as a parameter,

Figure 3.10 shows a faifly large flat region of benefit response
for target (1,1) and target (2,1) in the range of 55 to 65 units,
Identification of such regions of indifference is of great importance

‘since factors other than eéonomic may be called into play to determine.
precise target values within the indifference region. Further, an
indifference region in the response for a particular hydrology is
helpful in selecting a single near-optimal parameter set for varidus
hydrologies, This is pointed out by a comparison of Figures 3,10 and
3.11, Figure 3.11 shows a maximum at target (1,1) of 65 and target (2,1)
of 55 units, The flatness of the response in Figure 3.10 also allows
the selection of these values for the near-optimal parameter set, The
only remaining difference between the parameter sets for hydrologies 1
and 2 is reduced to the diffprence'in value of the single variable
target (3,1).

In light of the above, sensitivity of the near-optimal parameter
set to values of target (3,1} was studied for both hydrologies, with

results presented in Figure 3,12, Such a study serves two purposes,
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First, it serves as a check to see if the value of target (3,1) arrived
at by sensitivity analysis as shown in Table 3.6c has changed by virtue
of the change in targets (1,1) and (2,1) made as a result of marginal

. analysis. Secondly, it provides information for choice of a unique
near-optimal parameter set,

The selection of such a parameter set may be cast as a problem
of game theory, Synthetically generated hydrologies should be
equally-likely samples from the total streamflow population. Accordingly,
selection of a value of target (3,1) may be based on the principal of
maximizing expected value of benefits for all hydrologies. For
the results of Figure 3,12, thislappronch would select a level of 135
or 140 units, for an expected benefit of 130,51% units; A decision
to maximize the minimum benefit ocbtained from each hydrology yields
a target vaiue of 121 units, at the point where the two curves cross,

The associated benefit is 130,460 gnits. ~Minimizing maximum risk selects
~ a target of 135 or 140 units. Thus, the choice will depend upon economic
goals inherent in each decision criterion.

Figure 3.13 presents results of an axial analysis Study. Greatest
sensitivity along the axes is shown to target (3,1), a result borne out
by the single-factor analysis and sensitivity analysis; Figure 3.13 shows
that a significant increase in benefits is obtained by the introduction
of regulation at reservoir 3 alone, and somewhat less so for reservoir 4
alone, These reservoirs serve to re-regulate upstream flow for irrigation
purposes, Introduction of regulation at reservoirs 1 and 2, which
regulate for power productibn, do not show significant differences from
run of the river operation,

Axial analysis may be used to generate an initial parameter set for

the LPSS process in the absence of a mathematical programming model,
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The value of the target that yields maximum benefit along each axis

is obtained, and the values for the eight axes combined to form a

single parameter set, Results of a simulation using a parameter set
so-obtained yield benefits of 128,320 units for hydrology 1, which may

be compared to benefit$ obtained for the 7 initial policies, The |
axial analysis parameter set is superior to the three randomly

generated parameter sets, and somewhat inferior to the linear programming
parameter set,

3.5.4 Series IV

Results of Series IV studies of sensitivity of near-optimal

operation to capacity are presented in Figures 3,14 and 3,15, for an
interest rate of ), and hydrology 1. The near-optimal parameter set for
hydrology 1 obtained in Series III for LP capacities is used in simulation
runs with varying reservoir capécity parameter. The value of the asymptotic
benefit is obtained for reservoir capacity parameters of 40 and above,

A value of 1.0 for the reservoir capacity parameter corresponds to the
linear programming capacities. Examination of Figure 3,14 shows that
increase in benefits is close to linear from zero to linear programming
capacities, Increasing capacity beyond linear programming values

yields rapidly diminishing returns to scale, Since the simulation
corresponds to the linear programming model in everything except stochastic
effects, the diminishing returns.to scale are attributed to the capability
of the large reservoirs to regulate and store the occassional

extremely large flows, The shape of Figure 3,14 for a non-stochastic case,
where the precise inf;ows used in the LP model are also used each year in
the simulation model, would show a completely horizontal segment past

the linear programming capacities,
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To obtain the results shown in Figure 3.15, the near-optimal
parameter set was obtaiﬁed for each feservoir capacity parameter by an
LPSS process.' For each reservoir capacity parameter value, the difference
in benefits between the near-optimal parameter set and the value
presented in Figure 3.14 was obtained. This difference in benefits
represents the value of pérformipg an LPSS process for each reservoir‘
capacity parameter, rather than using the results of the single LPSS
for reservoir capacity parameter of 1,0 for all other values,

Results show that differences in benefits increase as reservoir .
capacity parameter both increases and decrease# from a value of 1,0.

The return to zero difference at 1.4 units may be explained by the

grid spacing selected in performing the LPSS, which may have failed to
generate a slightly higher benefit by missing the best near-cptimal
parameter set, For mast of the studies presented here, the grid spacing
was taken as 5 units, A finer grid spacing may have been needed for
this particular case,

Although the near-optimal parameter set does change as a function
of reservoir capacity parameter, the magnitudelof the change in benefits
is not large, The percentage increase in benefits obtained by
determining the near-optimal policy at a parameter value of 5,0 is
less than ,2%. This indicates that moderate changes in reservoir capacity
may be made without redefining the near-dptimal parameter set for each
change,

3.5.5 Series V

Results for a Series V‘study of effect of initial volume on the

near-optimal parameter set are shown in Figure 3,16. The initial

volume parameter represents the percentage of total capacity present in
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the reservoirs at the start of a simulation; a value of 1.0 starts the
simulation with full reservoirs, a value of 0.0 starts the simulation
with empty reservoirs. The near-optimal parameter set used is that
 developed by LPSS using LP initial volumes. Figure 3,16 presents
benefits obtained using this parameter set for varying value of initial
value parameter., Benefits increase linearly to a value of the initjal

volume parameter of .8, and at a slightly lower slope beyond that,

An LPSS process carried out for each value of initial volume parameter
- did not improve the near-optimal parameter set used, and no difference
in benefits was found. Thus, for the 50.year duration of simulation,
near-optimal parameter sets are found to be insensitive to initial
reservoir §olume. Similar stﬁdies were also carried out for other
values of interesf rate, but are not presented here, since in all cases
the shape of the curve was identical to that found in Figure 3.16,
and LPSS could not improve the near-optimal parameter set.

The studies of Serieé V, performed for a 50-year simulation, are
not adeqhate to determine the short-range influence of initial volume.
Later studies (Series VII) indicate that initial velume effects
persist for 2 to 5 years depending on reservoir capacity, indicating
that sensitivity of operation to initial volume would more likely be
encountered with simulation runs of short duration, The 50-year
duration tends to mask whatever effect initial volume may have.

3.4,6 Series Vi

No results are presented for Series VI studies, since no sensitivity
of the near-optimal parameter set to interest rate was encountered, in
spite of the large effect of interest rate on benefits, as shown in
Figure 3,7. Results of dynamic programming studies of reservoir

operation (13) clearly indicate that a significant sensitivity of operation
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to interest rate does exist. The present model appears inadequate to
point this out, principally by virtue of holding the policy parameter
set constant throughout the 50-year simulation run. A more flekihle
operating policy, with time-varying target releases, might be expected
to indicate some sensitivity to interest rate. Similarly, a 12-period
model rather than the 2-period model used would be expected to show

a greater degree of interest rate sensitivity. Non-linear benefit
functions rather than the linear structure used may also rause pesponse
to interest rate,

3.5.7 Series VII

Results of SEries VII studies of the persistence effect of initial
volume differences are presented in Figure 3.17, as a plot of difference
in benefits obtained over the duration of simulation between initially
.full and initially empty reservoirs, against duration of simulation.
Reservoir capacity is taken as a parameter, with LP capacities and
ten times the LP capacities being investigated.

Simulation runs of varying duration were performed for the two
cases of initially full and initially empty reservoirs, Benefits for the
two cases were éubtracted for each duration of simulation, and plotted
in Figure 3,17, The final horizontal portion of each curve indicates
a constant difference in benefits between the runs for initally full
and initially empty reservoirs. This constant difference in benefits
indicates that the effect of differences in initial volume on the operatioﬁ
of the system has been damped out, Thus, for the smaller reservoir
capacities, persistence effects last for 5 periods, while the larger
reservoir capacity shows persistence effects for 12 periods. It ﬁust

be noted that the larger reservoir has a correspondingly greater amoung
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of water available when initially full than the smaller reservoir.r

Intermediate horizontal portions of the curve are due to the fact
that irrigation benefits are calculated for every 2-period year,
rather than for every period as power benefits are., Consequently, water
supplied beyond the power capacity to satisfy irrigation requirements
is reflected in benefits only every two periods,

Results of Series VII indicate the appropriate planning horizon
that can be used in developing a state-sensitive policy, Since initial
state effects disappear in terms of operétion after the persistence
period, simulation runs with durations equal to or less than the
persistence period are expected to show some sensitivity of operating
parameters to initial volume. As will be recalled, this was not the
case for the 50-year simulation runs of Series V,

With the shorter simulation runs, near-optimal parameter sets can
be obtained for different initial volumes, Consequently, a.table of
. nmear-optimal parameter sets vs. state can be built up, Such a table
could be used to yield a state~oriented rule for simulation by selecting
in any period the appropriate near-optimal parameter set for the current
system state, The feasibility of such a process depends upon the
degree of sensitivity of operating parameters to state., High sensitivity
would require an elaborate search process to establish such a state-

- oriented policy. |
3.5.8 Series VIII

Two sources of discrepancy are identifiable batween corresponding
simulation and linear progrémming models. The introduction of non-linear
functions in a simulation model, where only linear functions are
permissible in the corresponding linear programming model, is one source.

The second discrepancy comes about from the difference between the
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stochastic effects present in the simulation model and the fixed hydrology
of most simple linear programming models.
Fbr the present case, the simulation has been constructed with
linear functions only. The only difference between the simulation and
linear programming models is due to stochasticity. This difference
produces the difference in operation noted above, so that the linear
programming targets are not directly applicable as the near-optimal
targets for the simulation., To eléminate differences in operation
. and compare the two models for the effects of stochasticity alone, each
model may be run with zero reservoir capacities, Run of the river benefits
can be compared to determine the faithfulness of the models, For zero
reservoir capacities, annual Benefits obtained from the fixed hydrology
of the linear programming model are equal to 2422 units per year. Run
of the river operation for a 50-year simulation run and 0,0 interest
rate using hydrology 1 yields a total benefit of 99211 units, or 1985
benefit units per year. The difference between the two figures may be
considered as thé cost of stochasticity. Capacity constraints in the
simulation model limit the benefits that can be obtained from excess
flows, and no regulation capacity exists to ameliorate low flow conditions,
For the case of simulation models with non-linear functions, the
effect of stochasticity can be eliminated in the simulation by
artificially constructing a 50-year hydrology such that in each year,
the inflows are equal to the mean values ﬁsed in the linear programming
model, The hydrology would then be a 50-year recurrence of the mean
inflows, and would correspond precisely to the situation modeled
in the linear programming case, provided that interest rate is held
at zero, Benefits obtained from the simulation with such a hydrology

would serve to isolate the effects of non-linearity while eliminating
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effects of stochasticity.

3.6 Conclusions

Figure 3.18 represents schematically the benefits derived from
the various stages of the LPSS process. The benefits due to the best
random starting point, the parameter set resulting from axial analysis,
and the linear programming paraseter set are indicated along the benefit
axis. Benefits associated with parameter set 7 are shown slightly to
the right of the benefit axis, to indicate that policy 7 is not one
of the "pure' initial policies. Rather, the parameter set is derived
after a degrée of search has been carried out,

The axial analysis is seen to be a significant improvement over
the best of the three random parameter sets, while the linear
programming presents an improvement over the axial analysis. The
scale of Figure 3,18 is sbmewhaf misleading, since the benefit axis
does not start from.0, benefit units, Consequently, the percentage
.change in benefits is not large, with an increase of 7% for LP over
random parameter sets,

Although the random starting peoint does not in itself provide
high initial benefits, it allows the generation of parameter set 7,
which is seen to be an improvement over the linear programming set,
Starting from the linear programming set, incremental benefit due to
parameter set 7 is 339 benefit units, an increase of ,26%. The
addition of a single-factor analysis augments benefits by 39 units,
while the next step of sensitivity analysis to target (3,1) increases
benefits by 6 units. The final stage of marginal analysis further

increases benefits by 5 units., Thus, the principal incremental benefit
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is obtained through applicatioﬁ of the linear programming technique,

The above results show that the incremental value of each successive
search technique decreases rapidly, The total LPSS process therefore
converges rapidly from an appropriate initial value, Consequently,
the LPSS process is seen as a practical method of obtaining parameters
for opefating rule#. Use of linear programming models to provide
initial values is seen to be the most important part of the search
technique in terms of incrementing benefits, Thus, it is an integral
part of the search process, and linear prograﬁming models should not
be considered as alternative search techniques, rather as a fundamental
part of a total search process,

Of the search techniques used, single factor analysis is seen to
most rapidly indicate appropriate directions of change. The combination
of the three techniques of single factor, sensitivigy, and marginal
analysis was found totally adequate to determine the near-optimal
parameter set,

It is recognized that the advantages of the LPSSlprocess shown here
in part stem from the fact that the artificial model was constructed to
conform closely to the linear programming model, and as a consequence,
linear programming results yield good starting values for the search
process, Further, the relativeiy simple nature of the system allowed
rapid evaluafion of a majority of the operating policy parameters. This
will not always-be the case, and the LPSS process may take considerably
longer to converge than the process shown in Figure 3,18, The technique
of LPSS is sufficiently simple and flexible however to be adaptable to
longer search processes with no conceptual change, and as such is

seen to be useful for more than the simple model presented here.
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Use of the LPSS process should be controlled by a plot of the
type of Figure 3.18. By means of such a plot, trade-offs between
further search and increase in benefits éan be rapidly evaluated, and
the decision to continue or terminate a search process be made with

reference to incremental benefits of each search technique. |
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CHAPTER IV
THE MAULE BASIN MODEL

4,1 Introduction

The Maule basin of cantral Chile was selected in 1963 to be used as
‘a test case fﬁf the research on systems methodology. Various studies
have been carried 6ut based on data from the Maule region. Leonvendagar
and McLaughlin (16} have developed a simulation model of the basin, and
- Ibanez developed computer programﬁ for the operation of the basin
according to four different operating policies (15). Wallace used data
from the Maule basin for his linear programming studies (5}, and Poblete
has produced a detailed study of linear programsing models of the Maule
basin (20). The existence of the simulation model with external
operating rules and the existence of mathgmatical programming models
for the basin dictated the choice of the Maule basin to investigate the
feasibility of the LPSS technique in the context of an existing basin,

The large-scale long-term nature of the investigation of the Maule
basin makes the staging in time of the information received an important
factor in this study, During the course of all the studies of the Maule,
both new basic data gnd further sophistications of the mathematical
models were being iﬁtroduéed.a Each study would start with the data
available at the time, and attempt to update in so far as possible,
as time progresse&. This staging of information is typical of “real-world"
engineering situations, and the course of such staging ahd its perfinence

to the present investigation will be included as a basic part of the research,

4.2 Description.of'the Basin

Detailed descriptions of the Maule basin are found in references (16)
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and (20). A brief outline will be given here, taken mainly from Ibanez,
Figure 4,1 shows the location of the Maule basin in Chile, and
Figure 4.2 is a map of the basin itself. The total area of the basin
is approximately 21,500 kmz, and the population as of 1965 was 530,000,
Talca i# the principal city of the basin with a population of 80,300;
The principal rivér, the Maule, has two main tributaries from the north,
the Cipreses and the Claro, and two from the south, the Melado and the
Loncomilln;_ The primary Qconomic activity of the area is agriculture,
and the primary use of water is for irrigation and the generation of
hydroelectric power, which is exported to the national power grid. To
simplify the model somewhat, only the upper basin, containing the major
features, was modelled,
The principal elements and the configuration of the model are
shown in Figure 4.3, and identified in Table 4.1, Two major reservoirs,
Invernada and Laguna Maule, are in existence, as are two power plants,
Islaﬂand Cipreses., Two reservoirs, Colbuﬁ and Guaiquivillo, are
proposed, as are two power plants, Central Maule and Central Colbun,
The existing and prﬁposed capacities of these elements are given in

Table 4.2,

4,3 'The Simulation Model
The simulation model used in this study is essentially that developed
by Leonvendagar and McLaughlin (16) with certain changes in coding,
input-output, data storsge, and treatment of the operating rules, Coding
is in Fortran IV, and the model was implemented on the IBM 360/65 computer.
The model uses a monthly period, with an exterxnal operating rule.

A simulated hydrology of the required length is generated for all rivers
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TABLE 4.1
ELEMENTS OF THE MAULE MODEL
Reservoir Laguna Invernada {completed)
Reservoir Laguna Maule (completed}
Reservoir Guaiquivillo (projected)

Reservoir Colbun (projected)

Power plant at Cipreses (completed)
Power plant at Isla (completed)
Power plant at Maule (projected)

Power plant at Colbun {projected)

Irrigation area Maule Norte Bajo
Irrigation area Maule Sur

Irrigation area Maule Norte Alto

inflow to Laguna Invernada

inflow to Lﬁguna Maule

flow in Melado River

flow in Colorado River

flows in Rivers Campanario and Puelche
flow in De:la Puente River

flow in Claro River

Power from Cipreses plant
Power from Central Isla
Power from Central Maude
Power from Colbun plant
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Power Plants

Isla
Cipreses

Maule

" Colbun

TABLE 4.2
SIZES OF ELEMENTS IN THE MAULE BASIN

Reservoixs‘ Capacity (106 cubic meters)
Maule- 1430.0

Invernada 157.5
Guaiquivillo 1500.0 (maximum)
Guaiquivillo -revised 480.0 (maximum)
Colbun 12500,0 (maximum)

Installed Capacity (Megawatts)

68

101.4

480 (projected)
560 (projected)
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at the start of each simulation run, with provision for cross and
serial correlation and variable lag. The shape of the probability
distribution may be either normal or log-normal,

Features of the model include a consideration of evaporation
and filtration, consideration of variations of pewer production‘with
head, and a highly sophisticated treatment of irrigation, including
evapo-transpiratioﬁ, a variety of crops, and crop die-off due to
insufficient watexr supply.

Benefits are calculated after each month for power benefits, and
at the end of each year for irpigation benefits, Up to 30 different
interest rates may be handlod for each simulation run, At the end of the
run, the costs are apportioned over the period of simulation and subtracted
from accumulated discounted benefits, to obtain net benefit discounted
to present value,

A large number of options for output allow for monthly, yearly, and
run summary output of physical and economic parameters as desired by
the user, Economic information is given for each interest rate.

Running times on.tha IBM 360/65 under 0S/360 are highly dependent
on the quantity of output requested. A forty-year simulation run with
output consisting of run summary economic information for 8 different
interest rates requires approximately 1 minute of computer time, A
40-year run obtainink monithly, yearly, and run summary information on
all physical and economic options available to the user requires 14

minutes for three different interest rates,

4.4 Operating Policies

4,4.1 Introduction
The operating poiicies used in this study are the four policies
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developed by Ibanez, two policies derived from the policieé of Ibanez,
and one policy developed by the author. The first four by Ibanez were
modified to make them compatible with the revised simulation. Ibanez
developed'these four policies, but did not have oppertunity to do more
‘that prel;minary.te:ting'with any of them. Thus, no information on
their relative merits for a full.scale simulation was available,

and these studies wefe included in the presept investigation as Part [
of investigations into the operating rules, Each operating policy
will be described briefly below. Certain considerations hold trus for
a8ll operating policies used. They are the following:

1) Reservoirs in the upper basin will produce as much power as
fhey can subjeét to specified system targets and available
capacity of penstocks and turbines, in all cases except the
legal operating rule, where a portien of the water in
one of the reservoirs (Maule) is reserved for irrigation
by a legal agreement actually in force in the basin,

2) Colbun reservoir, in the lower basin, will be used to
‘re-regulate the flows from the three reservoirs in the upper
basin, with its main purpose the supply of.irrigation water,
The power plant at Colbun is subject to the availability of
water for irrigation requirements,

Therefore, the significant operating decisions pertain to the
upstream reservoirs, since Colbun is used for re-.regulation of the
available water from upstream.

4.4.2 Standard Operating Policy
The standard operating policy is similar to the one described in

Chapter III., Target values for each of the 12 montﬁs for each of the
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three reservoirs are rsquired as auxiliary input to the simulatiom
model when this operating policy is used,

| As developed by Tbanez, the following steps are carried out in the
monthly operation of the operating rule:

1) The available water, equal to the water in storage plus the
inflow in the current month, is determined for the three
reservoirs with natural (unregulated) inflow.

2) Based on the available water during the month, a release is
made if necessary to avoid spilling, taking into account
filtration and evaporation losses, These releases are
termed basic releases.

3 After the basic releases are determined, further releases
are made in each reservoir according to a standard operating
policy, with targets varying from month to month for each
of the three upper basin reservoirs., This release is made
in addition to the basic release, and in this form of the
operating policy the basic release doe not contribute to

~satisfying the target demand,

4) The amount of water available to Colbun reservoir is determined
from the total releases for the upper basin., This water is
supplied to the i;rigation areas, and if the‘amount of water
is insufficient to satisfy all requirements, tﬁe water is
apportioned among the irrigated areas in proportion‘to the
requirements ( a linearity assumption), Irrigation water that
may be passed through the turbines after the irrigation
requirements are met is used to generate pbwer.at Colbun powér

plant, but no releases are made from Colbun reservoir specifically
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to generate power,

Thus, the standard operating policy operates the three reservoirs
in the upper basin to supply the target demands if ﬁossible, after releases
have been made to avoid unnecessary spills, The discretization
procedure and the coding imply that water released as a basic. release
to avoid ﬂ spill cannot be used to satisfy th& monthly target for the
reservoir, but downstream benefits can accrue to these basic releases,
Colbun operates to satisfy the irrigation requirements in sorfar as possible,
and the power generated by Colbun is due only to irrigation releases
and unavoidable spills, not to specific releases for power. Thus, an
uncoupling of the upper and lower regions of the Maule basin is provided
by the oﬁeratiou of the proposed Colﬁpn reservoir and power plant,
4,4,3 Revised Standard dperating Policy |

The policy doscribed in the previous section is unsatisfactory for
use with linear prpgramming models to generate target values, since the
basic releases are not used to satisfy the target demand, The above
policy has been revised by the author to first calculate the basic
releases as before, but these basic relﬁnses are then subtracted fiom
the appropriate target value for the month and reservoir. The standard
operating policy is then applied with the reduced target level as
before, This.refision accurately reflecots the character of target
releaseﬁ generatéd by linear programming models, which are to;al releases,
comprising both controlled and uncontrolled flow. The original policy of
Ibanez is clearly wasteful of water if the target values reflect downstream
needs, This new structure of the operating policy is termed the revised
standard operating policy.
4,4,4 Legal Gpefating Policy

In the Maule basin, a legal agreement is in force between the power
«1l07w .



and irrigation authorities, The terms of this agreehent, cited in

reference (21), are:

1)

2)

3)

The Maule reservoir will be divided into two zones, the upper
of 900 million m3, and the lower of 400 million g

When the reserﬁoir storage is in the upper zone (greater fhan
400 x 106 ms) withdrawals may be made for irrigation without
limit, and for power, but not to exceed 250 x 108 w3 per year
for powér.

When the reservoir is in the lower zone, the available water
is apportioned between power and irrigation in the ratios of
20% to power and 80% to irrigation. This is the amount of

water available for each use, not necessarily the amount

actually used.

This agreement is not an operating rule, since it does not prescribe

unambiguous redeases, Rather, it is a constraint on the operation,

favoring use of water for irrigation., Pargicular releases still must

be determined in some manner, and should reflect this constraint,

. Ibanez has developed a computer code.that does not include the

above constraints, but rather simulates a situstion similar to the

¢

legal agreement, by the following proviso:

1)

2)

If the available water in Laguna Maule in any month is greater

than 50% of the storage capacity, the excess over 50% must be
released for irrigation downstream, except in February, when the
entire active congents of the reservoir must be released downstream.
If the avallable water is less than 50% of capacity, then the
release is zero, The operation of Invernada and Guaiquivillo

is governmed by the standard operating policy and the associated
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target values, and Colbun reservoir is treated as in the previous rule,

This poliéy was felt to be unsatisfactory, primarily because it
does not reflect the constraining nature of the legal agreement,

As a consequence, a policy termed the revised legal policy was developed
by the author, to use the principles of the revised standard policy under .
the constraint of the legal agreement. Initially, the basic releases are
determined, and are used to reduce the target values for the other

two reservoirs in the upper basin, These two reservoirs are operated
with a revised standard operating policy. The amount of water available
downstream from the releases from Invernada and Guaiquivillo and the
basic¢c release from Maule is then determined, and compared with the
irrigation requirements for the month.

If there is an irrigation deficit, and Maule is storing water in the
upper zone, then water is used to supply this deficit from Maule, This
water, supplied for irrigation, can also be used to satisfy the power
requirements. Thus, it is compared with the target outputs for
Maule reservoir, to see if a supplemental release for power is desired.
If so, the supplemental release is made, with the provision that the
total supplemental release in a year be less than 250 x 106 ms.

If Maule is operating in the lower zone, the irrigation deficit is
supplied from the 80% of available water allocated to irrigation, if
possible, As before, the yower releases may be ﬁade as supplemental
releases to reach the target value, but not to exceed the 20% of
available water allocated to power uses,

The complications of this poligy are not as great as they might

seen, The essential philosophy is to meet irrigation demands with the

water allocated to irrigation. This water can also be used for power
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generation. A target release greater than the amount suppiied to meet
the irrigation deficit is taken to indicate a deficit in power production,
and water is used from the "power pool' to supply this deficit, subject
to the constraints on total and monthly percentage release for power,
- 4.4,5 Ruie Curve Opprating Policy

- Ibanez developed an operating policy which assumes complete fore-
knowledge of all future inflows.for the period of simulation, The
record is scanned for the dryest year in terms of total volume of flow,
A rule curve which guarantees a firm yield based on the tetal flow of the
dryeit year is then developed by a fairly complicated procedure
described in reference (15). A second rule curve is developed based
~on average flows, The operating policy then determines the available
‘water in a given month.. If this quantity is greater than the average
for the month, then releases are made until the reservoir is at the
appropriate point on the average rule curve. If the‘available water is
less than the average for the month, releases are made to place the
reservoir on the rule curve developed for the dryest year. Thus,
the operation of the reservoirs is by attempting to maintain stored
volume between the two rule curves, and where posssible, to minimize
future spill in each reservoir by drawing down to the minimum volume in
each month where this is possible and does not produce an expected
deficit in future months. Thds procedure is carried out for each of the
three reservoirs in the upper basin, Basic releases to avoid spills are’
computed, and the rule curve retéases are added to the basic releases
to obtain the total release., Colbun is again operated as before,

It should be noted that for this operating policy there is no

interaction between the three upstream reservoirs. Each is operated
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independently according to its an rule curve, Further, no target
releases are specified, so the poiicy is totally supply-oriented rather
than demand-oriented.

4.4,6 Space Rule Policy

‘The space rule operating policy operates in a manner similar to the
rule curve operating policy, generating minimum and'average rule.
curves for reservoir storage, and calcudating basic releases in each month.
However, this rule provides some degree of interaction in the operation
of the upstream reservoirs, as follows,

Instead of selecting the specific release within the constraining
rule curves by the criterion of minimization of future spill for each
individual reserovir, the opegating policy responds to energy target
values, and attempts to meeti.them wile being constrained to the rule
curve, and operating so as to minimize total expected spill of the
system over future months.

As before, a basic release is computed initially, and the energy
derivable from the basic release is calculated and compared with the
energy target foxr the current month. If an energy deficit exists,
the three upstream reservoirs are examined for suplus water above
the minimum rule curve, If only a singlq reservoir has water available,
no allocation problem exists and this reservoir will either release to
its minimum rule curve level, or release to just nullify the energy
deficit, whichever is smaller, If more than one reservoir is availabie,
a decision must be made on allocation of releases between the reservoirs,
A complicated pro&edure atéempts to satisfy energy deficits while
using the space rule (8) to determine the allocation of releases in the

upstream reservoirs that will minimize expected total spill of the system

-11l-



over the drawdown-refill cycle.

Colbun is again operated as & re-regulafing reservoir for irrigation.
4.4,7 State-Oriented Policy

A policy was developed which provides some degree of state-orientation
in the operation of the system, Essentially, the state-orisnted policy
revises the target.values sssociated with the revised standard policy,
in accordance with estimates of the available water for each reservoir for
each month, The procedure.is as follows:

1) Input to the state-oriented policy consists of monthly target
drafts for each reservoir, monthly steady.state estimates
of quantity of water available for each reservoir, and a parameter
defining the shape of the function which modifies the targets,
This input, with the exception of the parameter, is derived
easily from the r&sults of a linear programming model,

2) Then, in any month for any reservoir, the actual amount of water
available, taken as the sum of storage plus inflow, is compared
with the steady-state amount of water available, a program
parameter, The concept of the operating policy is that if the
actual water available is greater'than the steady-staté water
available, the target release should be increased by some factor.
Similarly, if the available water is less than the steady-state
available water, the target should be reduced.

3) The determination of the amount of change in the target is made
Frow the following‘fnnctioh, where T is the original target value,
T* the modified value, $ the quantity of water actually
avpilable, W the expected quantity of water available; and p the

value of the Yshape" parameter, specified by the user:
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T* =T x (p(S/W - 1} + 1) S/W : (4.1)

A value of p of 0,0 pro§ides fpr a direct linear peoportionality
between the modified target value and the ratio of water
| available to expected quantity of water available. A value of

1,0 makes the ratiﬁ of T*/T proportional to-(S/W)z. Figure

4,4 is a plot of T*/T vs, S/W for p as a parameter,
 _Th6 philosophy behind this operating rule is that the linear programming
" mode)l provides a steady-state estimate of available water for eaéh
reservoir in each month, and the linear programming targets are associated
with-this value, - Thorefofe, a higher amount of water available should
allow a greater draft without reducing future benefits significantly,
This operating policy introduces 12 new parameters for each of the three

upper basin reservoirs.in addition to the single shape parameter.

4,5 The Linear Programming Models

4.5.1 Introduction

During thé course of the overall project research, a number of
different linear programming models of the Maule basin were developed,
based on varying data and sassumptions, add with different numbers of
periods per year, In the terminology of Chapter LI, the Q set for each
of these models varied in some of its elements,

The linear programming models were used to generate the target
outputs required by the legal and standamd .operating policies, and the
steady-state available water values needed for the state-oriented policy.
Since the simulation is monthly, target outputs from 2-period and 4-period

models were taken as uniformly spread over the appropriate number of months.
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4,5.2 Description of the Models

Ibanez used data from the l2-period model of the upper basin developed
by Waliace in 1966 (5). This model was constructed at an early stage of
the investigations into the Maule basin, and consequently the data,
although the best that coq1d be obtained at the time that the model was
built, no longer represent the best information available. The three
models developed by Poblete (20) are based on the nmost accurate data
presently available, Data for the simulation model represents still
another level, being developed intermediate to the wofk of Wallace
and Poblete, Two sets of simulation data were used, the first being
the originally developed data of Lennvend.agar and McLaughlin, and the
second, data upgraded in so far as possible by information obtained by.
_Poblete. |

Poblete has produced 2-period, 4-period, 12-period linear programming,
and 4-period mixed integer linear programming models for the Maule basin,
Results of the first three of these models were used in the simulation,
Target values and available water quantities, as well as reservoir capcities
obtained for Guaiquivillo and Colbun reservoirs, for each of the three
models, are given in TAble 4.3, New information on reservoir capacity
limitations for Guaiquivillo was obtained at a late stage of his investigﬁtion,
and the values of Table 4,3 reflect the currently best data. Certain
of Poblete's results prior to receipt of this new information were used
with the original Leonvendagar and McLaughlin data for the standard and
legal policies of Ibanez. Final results are obtained by a combination
of the upgraded simulation data and the results of Poblete's investigations,

including the new information on the reservoir capacity.
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TABLE 4.3
RESULTS OF THE LINEAR PROGRAMMING MODELS

Month. - 2«Pericd Poblete 4-period Poblete 12-per£bd Poglete 12-period Wallace (.\fo'del)

) 3 1 2 3 1 2 3 1 2 3 (Reservoir).

May 41,7 26,1 114,5 23,5 0. 103.1 0. 0. 49.3 111 4 299
June 1 1 1 66,9 0. 119.5 121 38 191
July 38.7 0. 140,4 142 168 46 w
Aug. : 27.9 0, 125.9 "235:4 01 126,7 127 71 171 2
Sept. . | J 1 1 - 2752 0. 119,5 125 80 165 .
Oct. M 30,9 0. 131.5 127 76 220 2
Nov.  65.7 42.1 172,0 69.1 0, 255.9 3338 0. 228.2 200 -0 164 »
Dec, J l 1 74.8 0. 298.7 148 ] 0 LA
Jan, 94.5 22,5 240.9 188 0 200 5
Feb, 94.5 146.6 88.0 94.5  79.5 128,0 157 81 120 &
March l : l 1 94,5 265.8 80,0 110 88 265
April | { + 59.4 71.1 55.9 107 197 263
May 43,7 30.5 114.5 23.5  30.4 103.1 62,1 22,6 49,3 ®
June | 1 1 1 80.4 54.8 119,5 ©
iuly 7.9 61 165.9 38,7 90,3 140.4 =
Aug, . . . 25.4 122.6 126.7 © 5 '
Sept. ! | ! | 1 1 27.2 *152.5 119,5 2 w
Oct, - 30.9° 182.4 131,5 &= o
Nov. 83.2 47.1 172.0 125.7 121.9 255,9 85.3 230.9 228.2 38 5
Dec. ] 1 l 208.2 305.3 298,7 A ~
Jan, 264.5 365.0 240.9 o =
Feb, 97.2 146.6 84.0  237,6 374.8 128.0 “ g
Marc _' 176.6 318.4 80.0 =<
April  * VoY 1 ! 1 102,6 73.1 55,9
Guaiquivillo 0. 0. 0.

CAPACITIES

Colbun 0. 577.5 698,2



4,6 Studieswyith tha Model

4.6.1 ScOpe‘of the Ssudies

Studies with the Maule model principally involve search over the
Q set involving different types of operating policies. All of thé
policies of Ibanez were tested and implemented for the first time, as
was the model itself, since prior studies during the.devclupnvebt phase
were not produced, Thus, a major portion of the effort described in
this chapter was involved with implementing and interfacing the model
and operating rules,

Studies of Part I use the original data set of LeonvendagaéR and
the results of Wallace and early results of Poblete., For Part I,

reservoir capacities for the proposed reservpirs were set at their

. maximum possible values, and the reservoirs were taken as initially
QIfull.‘ Part Il studes use the upgraded data set and the final form of

. the Poblete results, In accordance with the development of the

previous chapter, reservoir capacities for proposed facilities were

set at the levels derived from the linear programming results, The
change in data for Guaiquivillo veserveir drove this reservoir to zero
in all three of the linear progfﬁmming models, and hence this reservoir
&oes not appear in the Part II studies, The coding is such that target

values and steady-state volumes of water for the non-existent reservoir

must be suppdied to the simulation, and these are taken as run of the

river values from linear programming, i.e., the target aﬁd the water
available are identical and equal to the flow in the Melado river obtained
from the linear prugramming model. Again, initially full reservoirs were
examined,

Four synthetic hydrologies were used over a #0.year simulation duration,
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Studies of Paft‘l investigated interest rates.of 2 through 16%, while

the part II studies examined interest rate of 12, 14, and 16%, reflecting
a typibal zange Qf interest rates in the Chilean economy. Due to severe
inflation, allveconomic data was normalized to give wvalue in terms of
escudos (Eo), the thilean monetary unit, at their 1965 value (3.53 E® of
1965 = $1 US), and benefit dat is presented as net benefit in millions eof
E® of 1965,

Contrary to themmodels of the previous chapter, the simulation and

the various linear programming models were developed independently,

with some degree of interaction and joint development between Poblete

and Leonvendagar and McLaughlin, There are, however, certain fundamental
differences in the treatment of economic factors and the treatment of
‘the entire irrigation sector between the two models, which prevent

a direct comparison of the results in economic terms, The linear
programming models of Poblete are felt to be sufficiently close to the
simulation model to allow some degree of confidence in the levels of
target and steady-state available water indicated by the linear programming
model,

4,6,2 Part I studies

Part I studies investigate the relative merits of the various

operating policies developed by Ibanez. The standard policy was studied
with targets from the 2-period and 4-period modéls by Poblete, from the
12-period model of Wallace, and with target parameters prescribing
."release" (empty reservoirsj and "store'" (full reservoirs) extreme
policies similar to those discussed in Chapter 3., The legal rule of
Ibanez was tested with target parameters prescribédyby the 4-period
linear programming policy. Results for the different interest rates

and the four hydrologies used are shown in Table 4.4 for all policies
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TABLE 4.4

Benefit for Different Operating Policies

interest rate

>
B
S
[o]
4
o
2
T 2 4 6 8 10 10 14 16 Q
LTS IR IONS oS 4% 264 132 37
2| 2400 1748 1295 975 744 573 443 342 RULE
CURVE
31 2027 1424 1013 728 528 383 276 194
4| 1869 1264 849 561 358 - 211 103 . 22
Y| 2327 1585 1075 721 468 284 146 41
2| 2543 1856 1380 1045 802 623 488 382 SPACE
3] 2227 1570 1125 818 601 445 328 240  "ULE
4 1995 1350 911 607 393 238 124 38
1| 2630 . 1810 1256 875 606 411 266 155
2| 2758 2011 1497 1137 879 689 546 436 LEGAL
30 2535 1808 1319 085 750 581 456 361 RULE
4| 2351 1619 1127 791 556 388 265 173
1| 2599 1835 1313 951 695 510 372 267
2| 2783 2097 1619 1281 1037. 857 721 616 Standard
3] 2522 1845 1387 1072 851 693 577 4gg  (Wallace)
4| 2358 1675 1209 - 888 662 501 383 294
1| 2573 1766 1221 845 579 386 243 133
21 2731 1991 1482 1125 869 680 538 428 $tandard
3| 2475 1755 1271 940 708 541 418 324 (4-period)
41 2229 1528 1056 733 S07 345 226" 137
1] 2387 1642 1134 782 533 352 217 114
21 2612 1916 1433 1091 845 663 525 419 Standard
3| 2310 1643 1193 884 668 512 398 311 (2-period)
4| 2088 1429 982 676 461 307 195 110
1 - - - - - - - -
2{ 2793 2107 1628 1290 1046 866 720 625 Revised
3| 2515 1838 1379 1064, 843 685 569 482 Standard
4| 2333 1652 1188 868 644 483 366 278 (Wallace)

(Benefit in escudos x 108)

~119-



! except the extreme 'release" and "store" policies, Mean inflows to each
of the three reservoirs for the 40-year simulation are given in Appendix C.
for each hydrology.

Figure 4.5 presents results for the extreme policie%. Net benefit
is plotted against interest rate for both release and store policieé,
with hydrology as a parmeter., Figure 4.5 is a comparison odf benefits
for the three different standard policies obtained from the three
different linear'programming models, for hydrology 1.

4,6,3 Part II studies

Studies of Part II are made with the fully upgraded data set,
that corresponds as well as possible to the data used by Poblete in
ﬁis later models, The studies deal primarily with investigating changes
in the Q set, to locéte a suitable policy and suitable starting point,

" An example of a single-fac;or analysis on the operating policy parameters
_ from such a starting point is also presented.

The investigations into the Q set are presented in TAble 4.5,
for four hydrologies, and interest rate of 12, 14, and 16% per year,
for a forty-year simulation run. Table 4.5a presents results for
the revised legal rule and for run of the river operation with zexo
~ reservoir capacities, The remaining tables that comprise Table 4.5\\
use either the revised standard or state-oriented policy.

The first coiumn of the Q set in Table 4.5 provides information
about the source of the policy parameter set, Values of 12, 4, and 2
refer to the parameter sets derived from the 12, 4, and Z-period linear
programming models, A letter P indicates that the model used is that
of Poblete, and a W indicates that the Wallace targets ﬁave been used,

For runs 25 through 35, presented in Tables 4.5f and 4.5g, the target
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TABLE 4.5
MAULE STUDES - PART 1I

interest . Q
RUN Hydrology 12 14 16
(1) 1 «132.9 ~-183.0 -224,0 CAPACITY = 9§,
2 159.1 110.8 72,9 :
3 . 43¢7 11.6 - 13,2
4. -~ 57,9 - 94,5 -122.5
) 1 178.2 57.9 - 35.0
2 455.4 340.5 252.6 LEGAL
3 353.1 252.7 177.1.
4 379,6 266.6 181.1
{net benefits in millions OF escudos)
Table 4.5a
Legal and Run of the River
Operation
RUN Hydrology 12 14 16 Q
(3) 1 276.0 160.4 70.6
2 572.2 459.5 372.7
3 454.5 358.1 284.8 ;2 RO
4 419.9 312.3 230.1 1
(4) 1 287.4 169.7 78.1
2 623.5 509.2 421.1 12 Sg -.2
3 496,8 397.9 322.7 P
4 462 .9 352.0 267,2
(5) 1 316.7 198.2  106.1 x
2 642.1 527.4 - 439.1 12 84 .1
3 512.3 413.3 338.1 p
4 489.0 378.5 294,2
(6) 1 319,2 199.6 106.6 ‘
2 639,1 523.7 434.8 12 s¢g 0.0
3 514.3 414.6 338,8 P
4 485.6 374.7 290.1
(1) 1 317.5 197.0 103.1
2 632.4 516.3 426,3 12 sS@ 0.1
3 507,2 406,7 330.2 P
4 - . - -
(8) 1 333,9 211.1 115.3
2 645,8 527.4 436,1 12 s¢ 0,7
3 522.9 420,1 341,9 P
4 486,6 373.1 286.3

Table 4.5 b State and Release Oriented Policies
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TABLE 4.5 (cont,)

124«

Run_Hydrology 12 ‘14 16 Q
" (9) 1 335.9 211.1 115.3
2 645.,9 527.4 436.1
3 522.9 420.1 3419 A -8
4 486,6 373.1 286.3
(o) 1 336.2 212,9 116.8
2 648,2 529,2 437.5
3 526,6 423.1 344.3 li ¢ 1.0
3 485,7 371,7 284,5
(1) 1 334.4 211,0 114,8
2 645.3 526,3 434,5
3 527.6 423,9 345,0 12 5¢ 1.1
4 483.8 369,7 282.5
(12) 1 312,2 . 189,1 93,2
2 641,9 522.9 431,2
3 528.1 424,2 345,1 12 S@ 1.2
4 . 483,8 347.6 260, 7 P
(13) 1 341,.8 217.3 120.4
2 . 641,3 521.5 429.4
3 532.0 427.1 347.8 1§ s¢ 2.5
4 503.3 388,2 300, 8
(14) 1 340.6 215,8 118,7
2 644,5 524.4 431,8
3 533, 3 428.0 348,0 1§ 52 3.0 .
4 507.8 392,5 304,5
(1s) 1 321.4 196.0 98. 4
2 628.9 509.5 417.4 12 @ 5.0
3 511.1 405.6 325,2 p
4 492,6 377.6 289.9
(net benefits in millions of escudos)
' Table 4.5b (cont,)
Run _ Hydrology 12 14 16
(16) 1 332.6 213.6 121,0
2 616.9 502.6  414.3 4 RY
3 508.6 409.9 334.7 p
4 461,6 351,9 268,1
a7 1 248,9  132.8 42.4
- 2 559,1 448, 4 363,2
3 457.9 360.8 287.0 ; se 1.0
4 379,9 274,7 194,3
(18) 1 220,3 1062 17.4 4 @ 2.5
2 ___531,3 422,7 338.9 B
(EC x '10%) Table 4.c¢ - 4-period Poblete targets



TABLE 4.5 (cont,)

Run  Hydrology 12 14 16 Q
(19) 1 37.7 -27.1 -78.2
2 291,8 224.4 171.6 2 R@
3 173.7 i28.2 93.0 P
4 183.3 120.6 72,0
(20) 1 6.6 “56.5 -106.4
2 228.8 167.7 120.4 2 S@ 0.
3 103,0 61.3 29.2 p
4 116.5 60.0 16.3
(21) 1 ~38.4 -100,2 ~149.3
2 177.3 121.2 77.4 2 sS@ 1.0
3 67.9 30.2 1.0 p '
4 77.1 23.9 -17,2
(22) 1 -86,7 -145.1 -191.7
2 166,9 113.4 71,2 2 8¢ 2,5
3 38.6 3-7 "23.2 P
4 27.8 '20.8 . "‘58.2
{net benefit in escudos x 106)
Table 4.5d
2-Period Poblete Targets
Ruh  Hydrology 12 14 16 Q
(23) 1 359.,2 244.9 156.3
2 676.,7 565.3 479.6 12 R
4 510.0 402.7 - 321.0
(24) 1 338.1 214.4 118.4
2 671.2 551.5 458.9
3 547.7 441.4 360, 3 12 89 1.0
4 511.4 356,06 308.9

{net benefits in escudos x 106}ab1e 4.5¢
12-powiod Wallace targets
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TABLE 4.5 (cont.)

Run Hydrology 12 14 16 0
(25) 1 278.7 165.2 77.0
2 586.1 477.6 394.0 1.2x R0
3 468,3 373.8 302.0 12 p
4 433.8 327.3 246.0
(26) 1 287.8 173.9 85.3
2 - 579.0 471.5 388.8 1.6x% 20
3 466.4 372.3 301.0. 12 p
4 435,4 329.9 249.3
(27) 1 . 293.4 178.9 89.8
2 587.5 479.9 397.2 1.8x R
3 470.9 377.1 306.0 12 p
4 . 447.0 '341.2 260.3
(28) 1 294.8 179.7 50,1
2 585,3 477.7 - 354,9 2 x -
3 471.5 376.8 305.0 12 p
4 458.,5 352.6 271.7
(29) 1 289.4 173.1 82.5
2 563.3 455,2 372.0 4 x -
3 463.6 368.1 295.5 12 p
4 427.3 320.9 239.6
(30) 1 282.9 167.6 77.7
2 558.6  451.4 368.8 6 x R@
3 449,0 354.6 283.0 12 p
4 422,72 316.8 236.2

(net benefit in escudos x 10°%)

Table 4.5f. Sensitivity to Target Magnitude
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TABLE 4.5 (cont.)

Run  Hydrology 12 14 16 _ Q
31y 1 318.2 194,3 48,0 L2x o g
. 2 628.1 509,2 417.5 12 p .
i 521,3 416.5 336.,9
498, 4 384,3 297,2
32 1 303.8 182.5 188. 4
2 620,8 504,3 414.8 1 6x
3 511.7 408,0 329.4 > p S8 2.5
4 477.5 365.5 280,2
333 i 288,1 168.2 75.1
_ 2 599,5 484.4 396, 0 1,88 o 5o
3 501.5 398, 8 320,9 12 P :
4 455.6 354,4 261.5
(34 1 192.6 78.6 -9.8
2 537.8 426.3 340,8 4
i 441,9 344,5 270.7 12‘p sp 3.0
4 401.5 295.1 214.0
¢35 1 .298.3 175.6 80.0
2 600,3 484,9 396.0 2x g4 g5
3 475.8 373.7 296.0 12 P .
4 440.7 328,7 243,3

‘Table 4.5g, Sensitivity to Target Magnitude, State-oriented
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TABLE 4.6
SINGLE FACTOR ANALYSIS

Hydrology Target Change 12 14 16’ gifgizzggi
in target :

1 R 359,2 244,9  156,3

2 12 - Wallace 676.7 565,3 479.6

3 starting 537.7 = 441.3 368,2

4 point 510.0 402.7 321,0

1 (1,13 +10 358,9 244.6 156,0 ~ .3

3 (1,2) 537.7 441.3 368,2 =

1 (1,3) 359.2 244.9 156,3 =

3 (1,4) 537.7 A41,.3 368,2 =

4 (1,5) 510,2 402.9  321.1 + L2

1 (1,6) ‘ 359.2 244.9 156,3 =

3 (1,7 537.7 441,3 368.2 =

2 (1,8) 675,7 564.3 478.6 - 1.0

1 (1,9) 359.0 244,7 156,1 - W2

2 (l,tc) ' 675.3 563.7 478.3 - 1.4

3 (1,11) : 537.7 441.3 368.2 =

4 (1,12). 510.9 402.8 321,1 + .1

2 (2,1) 677.0 565,7 480,0 + L3

4 (292} 510.4 403.1 321.4 + .4

2 (2,5} 675.7 564.3 478.6 - 1,0

4 (2,4) 510.2 403.0 321.2 . L2

3 (2,5) 537.7 441.3 368.2 =

2 {2,6) , 676.3 564.3 479.2 - .2

4 2,7 507.4 400.5 319.1 - 2.6

1 (2,8) 356.0 242.2 153.9 - 3,2

1 2,9) 356,9 243.0 154,7 - 2,3

2 (2,10} 673.7 562.8 477.4 - -23.0

3 (2,11) - 536.0 440,0 366.9 - 1.7

4 (2,12) \d 510.4 403.,0 321.2 + .4

_(escudos x 106)-
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Hydrology Target

Change

TABLE 4.6 (cont.)

. 12 14 16 difference in
in target benefit
2 (1,1) -10  676.7 565.4 4800 =
3 1,2) 537,7 441.3  368.2 =
4 (1,3) 510.0 402.7 321.0 =
1 (1,4) 359.2 244.9  156.3 =
2 1,s) 676.7 565.3  479.6 =
3 (1,6) 537.7 441.3  368.2 =
4 (1,7 510.0 402.7. 321.0 =
1 (1,8) 359,5 245.1  156,5 £ .3
2 (1,9) 678.2 566.4 481,1 + 1.5
3 (1,10) 538.4 441.6  368.4 s L7
3 (1,11) $37.9 441.5 3684 2
4 (1,12) 510.1 402,8 321,0 +
1 2,1 359.0 244.7 156.,0 - .2
2 (2,2) 676.5 565.1 479,3 - .2
3 (2,3) 539.9  443.5  370.3 + 2.2
4 (2,4) 509.8 402.5  320.7 .2
1 (2,5) 358.7 244,3  155.7 - .5
2 (2,6) 676.9 565.5 479.8 .2
- (2,7) - - -
- (238) - - -
- (2,9) - - -
3 (2,10) 541.2 %44,5 371.0 + 3.5
4 (2,11) 510.1  402.7  321.0 -
1 (2,12 ¥ 359.3 244.9 156.4 £
1 . 358,8 244,2 155.6
2 Revised Target  eg7,2 574.9  488.4
3 ggfes 544.1 447.1  373.5
4 514.4  406.4 324.1

 Revised Target Values (10° m3)

1

month Res.
1 101
2 121
3 142
4 127
5 125
6 137 -
7 201
8 138
9 178
10 147
11 100
12 117

Res,2
4

48

158

81

90

66

.0

0

0
71
78
187
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values have been increased by multiplication by the amount noted. For
example, in run 25, the 12.period Poblete targets have been increased by
a multiplication factor of 1.2.

The seéond column of the  set provides a sumbol indicating whether:
the policy is state or release oriented, If the symbol S@ appears in
the second column of the Q set, the policy is the state-oriented policy
described in Section 4,4,7., 1In this case, the third column of the Q
set gives the value of the parameter p used in association with the peligy.
If the symbol R@ appears in the second column, the policy is the
release-oriented revised standard policy described in Section 4.4.3.

For this case, the third column is blank,

Table 4,5b presents studies made with the 12-period Poblete model
to compare the release-oriented rule with the state-oriented rule for
different values of the 'shape' parameter p.

Table 4.5¢ presents results for simulation runs using the 4-periad
Poblete model parameter set, DBenefits are presented for the release-
oriented policy and for the state-oriented policy with two different
values of the shape parameter,

Net.:benefits for the release-oriented policy and three different
state-orisnted policies are presented in Table 4,5d for the 2-period model,

The 12-period Wallace targets are used to provide operating policy
parameters for runs 23 and. 24, presented in Taﬁle 4,5e, For the state-
oriented policy, the 1l2-period Wallace release targets are used with the
12-period Poblete values for steady-state available water.

Studies presented in Table 4.5f investigate the sensitivity of
benefits to the magnitude of the policy parameters for a release-oriented

rule. The 12-period Poblete targets are multiplied by the indicated
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factors, thus preserving the same ratio of releasé targets between
months and reservoirs, but changing the absolute level of these releases.

Table 4.5e continues the studies of sensitivity to ﬁagnitude‘of
the policy parameters for state-oriented policies, For runs 31 through 34,
both the releése targeti and the values for water available obtained from
the 12-period Poblete model are multiplied by the indicated factors, For
run 35, only the release targets are multiplied by a factor of 2,
while the estimates of available water are held at the original level
obtained from the 12-period Poblete model, |

Table 4,6 presents an example of single-factor analysis, starting
from a releasee§riented policy using the 12-period Wai;ace targets.
Siﬁce the resuifé of the linear programming models show that Guaiquivillo
reservoir should not be constructed, the target releases for Guaiquivillo
need not be examined., Consequently, the single-factor analysis pasﬁﬁérformed
~over the 24 different target values, one for each month for both
reservoirs 1 and 2, The grid spacing was arbitrarily selected as 10.
million m3, and the targets were varied in each direction where possible,
Targets (2,7) (reservoir 2, month 7) through (2,9) were at zero level,
and thus could not be diminished. The hydrology used varied among the
four hydrologies used in the study, and the particular hydrology used
for each parameter change is indicéted, together with the change in
benefits from the original target values, A new staiting point
" derived from the information obtained by the single-factor analysis

is presented, together with the associated benefits for all hydrologies,

4,7 Discussion of Results

4.7.1 Part 1

Results presented in Table 4«4 indicate that maximum benefits
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are derived from the standard policy with the l2~period Wallace targets,
‘except for the 2% interest value for hydrology 1, for which the legal
policy proves slightly superior. The gpace rule and rule curve policies
yield benefits significantly lower than the legal or standard policies,

and a; a consequenceare not considered in the Part II studies, but note
should be taken of the fact that introduction of some degree of optimization
in the space rule policy gives this policy an advantage over the rule

curve policy in terms of benefit levels generated.

Data from Table 4.4 for the three different linear programming
models used is presented graphically in Figure 4.6, Examination of this
figure shows a fairly constant difference in benefits between the 12 and
2 period model results, The 4-period model at low interest rates‘is
nearly as good as the 12 period model, while for the higheriinterest’
rates, it is only slightly better than the 2-period model. The linear
programming models were constructed with an interest rate of 15%, for
which the 2 and 4 period models yield fairly close benefits in the
simulation,

The behavior of the three different models for different interest
rate can be explained as follows, For a low interest rate, all monthly
benefits are weighted close to equally in the discounting process, whilé
for the higher interest rates, there is a rapid decrease in the
effect of beﬁefits acerued in later stages of the imulatdon, Thus, at
lower interest rates, the 4 period model, by virtue of its greater
accuracy in reflecting the monthly changes, vields values close to the
12«period model results. For the higher intereﬁt rates, the greater
accuracy of the 12 period model becomes apparent as the proper sequencing
of releases in the early stages of the simulation becomes more critical,

In the range of practickl interest rates {12-16%), there is a clear
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advantage to using the results of the l2-period model,

Resultss of simulation runs with the revised standard policy are
presented in Tble 4.4 for hydrolpgies 2, 3, and 4, Results for hydrology
2 show an increase in benefits over the standard policy, while benefits
decrease compared to the standard policy for the other two hydrologies,
.Reference'to Appendix C will show that hydrology 2 is the "wettest"
of the 4 hydrologies used, with largest volume of total inflow, The
behavior of the simulation with revised standard pélicy can be explained
as follows.

The revised policy allows the system to end a menth with a full
resexrvoir, which ié only pos;ible in the standard policy if the target
draft is zero. The higher level of reservoir in the revised policy
will create larger basic releases in a wet year. For particularly
large inflows, the basic releame may be much gréater than the coqtrolled
"releases, while still maintaining a full reservoir., Benefits are
obtained from the basic releases while water is conserved in the
reservoir for later use in periods of scarcity. Therefore, in a wet
year thé revised policy will giaeld. higher benefits. due to a greater
supply of water, The standard policy will draw down.reservoirs by wasting
water in periods of abundance, when the basic réleases satisfy
target demands without supplemental releases. The standard policy makes
the supplemental releases in any case, wasting this water,

For detailed comparison between the revised and standard pperating
policies, comparison of the physical operation of the syétem for the
two different policies should be performed.

Figure 4.5 presents a study of the two extreme policies of '"'release"
and "store". The rank ordering of the two policies is seen to change,

both with interest rate and as.;a function of the particular hydrology used.
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Comparison of these two policies allows an oxamination of the cftect
of initial volume.

For all runs with the Maule model, all reservolrs were taken as
initially full te capacity. Thus, the release pelicy will imnediately
supply the initial volume, while the storage policy will immediatelw
operate as a run of the river policy, since the reservoirs are alyeady
full to capacity, The difference in benefits due to initial volume can
be determinedﬂby an eiamination of the release and store policy for
the same hydrofogy. This diffexence i; clexrly a function of interest
rate, Benefits cbtained from supplying the initial volume by a
release policy at the start of fhe simulation will be weighted
proportionately more in the discounted evaluation for higher interest
rate, Results derived from Figure 4.5 confirm this, For an interest
rate of 16%, the difference in benefits between the two policies for
hydreology 2 is seen to be i91.6 million escudos, while for a r;te of
2% the difference is 339,5 million escudos.

Release and store policies are interesting for the fact that they
can isolate the effects of initial volume, and because the manner of
operation thay prescribe is easily comprehended. Certain situations of
planning dnd dgsign may actually find that. these pélicies are limiting
cases, For a Qﬁriable head power plant, operation may be optimal for the
storage policy, which maintains high head at the turbines,_ In cértain
over-year storage situations, operation for a large portion of the year
may be run of the river with empty reservoirs,

4,7,2 Part i1

Table 4,58 presents results for run of the river operation of the

basin with zerc capecities and for operation with the vevised isgal wrule,

Large negative net benafits are indicated for uncontrolled flow for all
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hydrologies except the "wet" hydrology 2.

Examination of detailed output for results using the revised legal
tule indicates that the rule does indeed operate to favor agricultural
production, For hydrology 1 and 12% interest rate, net agricultural
ﬁeﬁefits are 116.6 million escudos higher than net agricuftural'benefits
for the release-oriented policy using the 12-period Wallace targets;i This
increase is obtained at the expense of a decrease of 297.2 million escudos
in net benefit for power production from the value obtained b} the lgﬂ
‘period Wallace model.. This indicates that the subsidy to agriculture
'implied in the legal agreement is a costly one.

| Table 4,5b preéents results of investigations into the shape of@
the state-oriented policy using the l2-period Poblete targets. Shapé
of thé policy is determined by the shape parameter p. Referring to !
Figure 4.4, it can be seen tﬁat all curves of ratio of revised target
draft to draft vs. ratio of available water to steady-state available
water pass through the point (1,1). This implies that for all shapes of
the policy, if the actual water available in any month is equal to
the steady-state value derived from the linear programhing modei, then
the target draft should also equal that derived from the linear programming
model,

A shape parameter value of 0,0 provides a linear &elationship
between the two ratios, while a value of 1,0 provides % quadratic
relationship. Certain of the curves shown in Figure 4.4 intersect
the axis, and derived target drafts are negative. ‘Whenever this is
the case, a p;ovision of the operating rule sets targe% drafts to zero.
Thus, if the water available is sufficiently less than estimated, there
will be no controlled releaée. For increasing values of p beyond 1,

the policy becomes ingreasingly wore conservative of deficient water as
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the point of intersection moves along the axis. For increasing values of
p, the policy also becomgs increasingly more extravagant of excess
water as the shépe curve becomes steeper. It must be noted that an
increase in the target to 9 times the linear programming target release
does not nece#sarily mean that 9 times the quantity of water will be
supplied, Actual quantity of water avﬁilable in a period limits the
total release. For a sufficiently large value of the shape parameter,
the policy becomes essentially bi-stable, releasing entire available
contents when hte available water is just slightly greater than estimated,
and releasing zero when the available water is slightly less than estimated.
Results presented in Table 4,5b show that the state-oriented policy .
is superior to fhe release oriented policy in all cases. A shape parameter
of 1.0 yields maximum benefits for runs using hydrology 2, 3.0 is superior
for hydrologies 3 and 4, while a value of 2.5 is obtained for hydrology 1.
Benefits generally follow a smooth curve with the value of p, but there
are some deviations., This indicates that a small change in the target
releases may prove critical in a particular hydrology and produce a
large effect on benefits due to the cumulative effects of a decision in
a state-oriented rule, A particular example is the unexpectedly low
benefit obtained for wun' 12, using a parameter value of 1,2, for hydrologies
1,2, and 3, Detailed examination of the physical output would be required
to explain precisely how the change in the value of the shape parameter
causes this decrease in benefits.
Results for simulatioq Tuns using target parameters derived from
the 4-period Poblete model are shown in Table 4,5¢c. Results show two
interesting features. The 4-period release-oriented policy proves superior

to the 12-period release-oriented policy, and benefits decrease in
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the transitidh to the state-oriented policy} The 4-period release-oriented
policy does prove inferior to the best 12-period state-oriented policy
hbwever, |

This behavior can be.explained by postulating that the.nature of the
12-period model is such that target values are sensitive to estimates of
water available, while for the 4 period model, estimates of water
available are not accurate, The state-oriented 4-period policy, in
revising target drafts based on estimates of steady-state values, is
revising on the basis of inaccurate information, and consequently leads
to lower benefits than the unrevised target drafts of the release-oriented
| policy, Similarly; the greater sensitivity of the 12-period model
implies that the target drafts are closely tied to fhe steadyp-state
available water values, Use of these target drafts without reference
to actual state in the release-oriented policy is an inappropriate use
of these valdes, as they are conditioned by the state values, and
therefore lead to lower penefits than'the $#-period rele;se-oriented policy.

The above is not a definitive explanation of'tﬁéﬁbéhaviar of the
two models, and further study of such behavior is indicated.

Results for the é»period Poblete targets are présented in Table 4,5d.
Again, benefits decrease as state-orientation is introduced, but the
2«period release-oriented policy is far inferior to either the 4- or
12-period policies, indicating that the two-period model is inadequate
for predicting appropriate target releases for a 12-period'simu1ation.

Table 4,5e shows results for operating policies using the 12-period
Wallace targets. The Wallace linear programming model does not correspond
to the present simulation #odel in a number of features, notably that
much larger irrigated farming areas are feasible in the Wallace model.

As a consequence, the target releases from the Wallace model are
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significantly larger than those of the Poblete model.

| The state-oriented policy for the Wallace targets was obtained
by using the iz-period Poblete estimates of water available. Results
iﬁdicate that for hydrologie# 3 and 4 at an interest rate of 12%, there
is improvement in benefits over the release-oriented policy, while |
results for the remainder of the studies show a decrease in benefits as
state-orientation is introduced., No sensitivity analysis to the value
of p was performed for this case, and the value of 1.0 was selected before
the studies with the Poblete model indicated that other values of the
parameter might be appropriate, It is expected that a sensitivity
analysis on this parameter would improve benefits of the state-oriented
policy relative to the release-oriented policy. As noted above, however,
the 12-period model witﬁ a state-oriented rule is sensitive to the |
combination of the target and estimated state parameters., The fact
that the Poblete steady-state values are uséd with the Wallace target
parameters indicates thet a more appropriate set of state parameters
for the Wallace targets may exist which would yield obvious improvement
of the state-oriented policy over the release-priented policy. The
release-oriented policy for the 12-period Wajlace targets yields the
highest benefits found during the studies of Table 4.5 with the exception
of the improvement obtained by moving to a state-ériented policy for
12% interest rate and hydrqlogies 3 and 4,

Table 4,5f preéents results of studies using a release-oriented
policy to determine sensitivity of benefits to the magnitude of target
releases. To reduée the nu#ber of parameters that would be involved by
individually varying each target, the entire 12-period Poblete target

set was multiplied by a variable parameter. Depending on the hydrology
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chosen benefits generally increase for values up to between 1.8 and
2.0 times the linear programming values, with increases in benefit
éver the résults_uiing the original target values on the order of 10
to 15 million escudos. Too great an increase in the target values
causes a decrease in benefits due to wastage of water beyond the
possibilities for benefical use.

Similar studies are performed for the state-oriented policy,
and results are presented in Table 4.5g. For all runs except run 35,
both the target and estimated state parameters from the 12-period
Poblete model are multiplied by the factor indicated, For the final
run, only the target release parameters are multiplied by two. Results
show an interesting trend, For multiplication factors of 1.2 and 1.4,
the state~oriented policy shows a fairly large increase in benefits
over the.release-oriented policy, but for increasiﬁg values of the
multiplicatibn factor, benefitg decrease sharply. This indicates

once again the sensitivity of the state-oriented polic? to the estimated

state parametefs, Bad estimstes produce significant décreases in benefit,
The final run presented in Table 4,5g, revising ox;xly the target
parameters, has reversed the downward trend in benefit; with increasing
values of the multiplication factor, and suggests revising only the
target parameters in a state-oriented policy is a more appropriate
sensitivity study. |
Such a study would take into account the fact that‘doubling the
target volume is likely to change the quantity of water available in
each month, but it is not likely to double it, The above studies are

run on the basis of a doubling in scale of the entire I%near programming

model, which is clearly not a valid approach, A preferfed approach
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would either uée a statistical study of physical operation or an

adaptive control process to revise state parameters to appropriate values
for different magnitudes of target values. An altérnate approach,

. somewhat simpler in practice, would be to re-solve the linear prﬁgramming
probiem with the:given target levels as constraints rather than decision
variables., The linear programming equations would then yield the
appropriate values for water available,

Further search on the form of the operating rule was not pursued
beyond the 35 runs presented in.Table 4,5, with the exception of a
sméll-scale test of a state-oriented rule which revised target releases
based on the difference rather than the ratio between the actual and
steady-state ﬁéﬁer available. Results are not presented here since
benefits ggnerated were consistently lower than benefits from the
present state-oriented rule,

It is obvious that there are an infinite variety of possible
operating rules, and even those of simple form can be developed at
3 rapid rate with a small amount of effort. At this point, the LPSS
process could procged in the direction of further improvements in
the Q set, or can continue the search on the values of the operating
policy parameters, as done in Chaptexr 3. It was recognized that
improvement in the Q set should take the direction of development
of'an appropriate adaptive control rule based on values from linear
programming, and characterized by as few parameters as possible,

Rather than proceed in this direction, which would have been a
major involvement in an investigation on the borderlines of the main
area of concentration of this thesis, & single-factor analysis on the

parameter set of target releases from the 12-period Wallace model,.
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generally yielding highest benefits, was performed.

Results, as presented in Table 4,6, show that only a small number
of variables produce significént changes in benefit, The single
factor analysis required 45 computer simulation runs, each requiring
approximatély.l.z minutes of computer time on the IBM 360/65,_to
yield a péramefer set vwhich decreased benefits slightly for hydrology 1,
increased bénefits_for'hydrology 2 by 10 million escudos, increased benefits
for hydrelogy 3 by 7 million escudos, and for hydrology 4 by 4 million
escudos, The incremental benefit increase due to this portion of the
search process was small and computer time and data handling effort were
large compared to the previous search on the Q set. Consequently, the
LPSS process was teininated at this point.
4.7.3 General discussion of Results 7

Portions of the LPSS process carried out for the Maule model are
presented in Figure 4,7, with benefit presented as a function of the
""search process', As noted previously, neither the linear programming
model of Wallace nor Poblete corresponds precisely with the simulation,
Each model may be thomght of as an estimate of & hypothetical '"best”
linear programming model for the simulation. It remains for further
studies to determine criteria for construction of such a "best" linear
programming model for a given simulation,

fhe LPSS process shoula eventually converge to a near-optimal
poli?y independent of the linear programming model used, The rapidity
of this convergence will clearly depend upongthe initial starting values
determined by linear progranﬁing. For the Maule basin studies, the
Wallace model yielcs a superior initial value to the Poblete model,
and consequently the LPSS process starting from this model is shorter

and yields a higher benefit than the search starting from the Pobdete
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model, It should be noted that the method of plotting Figure 4,7 tends
to exaggerate differences, since the origin is not taken at 0,0 benefits
but at 570 million escudos, Percentage increases in net benefits are
on the order of 10 to 20%, depending on the particular stage of LPSS,

Figuré 4.7 shdws that two differeﬁig;;;rch paths were taken using
the 12-pefiod Poblete model, The first path simply used the maximum
amount of data from the lineer programming model, and performed a search
over the Q set to differentiate between state- and release-oriented
policies, and to define the "shape" of the state-oriented policy. The
other search path examined response to magniﬁude levels of the parameters
of the operating policy. Both search paths yield significant increases
.in benefits, These search paths were terminated due to recognition of
the problem ofiobtainiﬁg steady-state parameters which correspond to
target parameters, to be discussed below, |

For the state-oriented policy, there are 24 operttihg policy parameters
for each reservoir, 12 target releases and 12 steady-state available
water values, Clearly there is a relationship between the values of
targot,reiiasinsand the values of steady-state water available. For
the state-oriented policy to be an improvement over the release-oriented
policy, the gsteady-state available water parameters must be consistent
with both the terget parameters and "reality" for the simulation model.
As has been seeﬁ, inconsiﬁtency in either of these manners yields
decreases in benefits as the state-orientation has been introduced,
Consequently, when LPSS is pursuing search on the parameters of the
operating policy, a consiséent set of the 24 parameters must be obtained

for each reservoir. Such consistency can be obtained by searching - -
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over all the parameters, but the large number of variables makes this
expensive. A method is needed to provide consistent state parameters
while the search process is carried out on the release parameters. In
the absence of such a method, the search paths from the 12-period model"
are terminated at the point at which detailed séarch of the target
parameters ordinarily would begin. Suggested methods for developing
consistent parameter sets are given in Chapter 6.

As a consequence of the foregoing considerations, the search
path using the 12-period Wallace targets was based on the release-
oriented policy, Only the single-factor search was performed. Benefits
were increasédwby 1.6% due to performance of the single-factor analysis,
for hydrology 2. Termination of the search path stemmed from two
considerationﬁ. First, results of Chapter 3 indicated that
incremental benefit due to search after single-factor analysis
decreases rapidly. Secondly, the data structure for the Maule model
proved very difficult to handle with re;pect to searches over the
policy parameters, Ad@itional search effort is.large for the Maule
model, and consideratioﬂ of the possible advantages of continuing search
by another means led to the decision to terminate the search path
at the point shown., In the absence of methods of improving the form
of the poliecy (e.g. developing a consistent state-oriented policy),
the current policy was accepted as sufficiently near-optimal,

For purposes of research into the LPSS process, the Maule model
was treated as a black box, Input-was the @ set, :and output was the
single value of net benefits, for each interest rate. No detailed
examination of the physical operation of the basin was performed, and

the search was conditioned solely by the benefits obtained. For implementation
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to determine near-optimal policies for a given simulation model however,
consideration of physical outputs should aid in convergence, as it
did in Chaptei 3 studies.

Results fox the Poblete model show that for a release.oriented
policy, the model-underestimates'values of the target parameters., This
consistent characteristic of the linear programming model can be understood
as follows.

Linear programming target values arise as releases which maximizes
the objective function, subject to constraints on available water and
capacity, The capacity constraint will limit target releases to values
which do not exceed maximum downstream useful flow, provided that
reservoir storage capacity is not exceeded. The available water as
determined by the steady-stae hydrology also serves to constrain the
targets, Thus, if steady-state available water is augmented, the target
releases can be increased if capacity constraints downstream are not active.

Stbchasticity in the simulation will cause inflows and'quantitien
of water available which are occasionally greater than and occasionally
less than the steady-state linear programming values, Target releases
determined by linear programming models for which the available water
constraint is active wéll limit the maximum release, and target releases
may not be met, Consequently, the setting of higher target values in
the simulation model than.those determined by the steady-state linear
programming model will not cause loss of benefits in periods of low
flow, since available water controls, and will allow for increased
benefits in periods of abuﬁdant water, by redeasing excess water for
beneficial use,

The Maule studies clearly showed the superiority of the 1Z.period
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models over the 4 and 2-period models, particularly when state-orientation
is introduced. The assumptions required to transfer results of a 2 or 4
period linear programming model to parameters for a 12-period model do
not appear to be valid. It cannot be concluded that the 12-period
linear‘programning model is superior to the 4-period model for use in
simulation studias. Rather, it can be noted that for a 12-period
simulation model, a 12-period linear programming model is appropriate
to yield target parameters, The 4-period model may prove entirely
adequate when used in conjunction with a 4-period seasonal simulation,
but at present it does not appear possible to "force'" the 2 and 4
period linear programming models to obtain appropriate target values
for a monthly simulation model,

General experience with LPSS for the Maule model indicated that
data handling and dsta structure were inefficient., Search techniques
require a relatively large number of relatively small modifications,
often to only a single parameter at a time, For the current data
structure, excessive amounts of time are required to organize
punched-card data for the search process. Therefore, the existence
bf the LPSS conceptspoints out that data structures for simulation models
should be organized in a manner that makes eearch efficient. A suggested

data handling method will be described in Chapter 6.

4.8 Conclusions
Principal conclusions from the Maule study are the following:
1) The LPSS process, treating the simulation as a black box,
does show significant increases in benefit, aithough convergence

is not as rapid or obvious as that obtained in Chapter III.
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2)

3

4)

5)

6)

The introduction of state parameters to obtain a state-oriented
rule requires that the state parameters be consistent with

the target releases.

Since benefits are primarily associated with releases rather than
states, the search process should concentrate primarily on
determining appropriate values for the target releases, The
state parameters should not be included as parameters of the
operating policy for the purposes of search., Rather, these

state parameters should be determined in some manner from

the transfer function and the target releases,

The non-stochastic nature of the linear programming model
causes consistent undersstimation of near-optimal target

values assotiated with a standard operating policy for a
stochastic simulation model.

Data structure and data handling capabilities can delimit the
feasibility of the various possible search techniques, A
difficult-to~handle model does not encourage extensive mse
of search processes,

An adequate linear programming model performs well to select
initial values for the search parameters for the more detailed

and sophisticated simulation model presented here,
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CHAPTER V-
THE CONNECTICUT RIVER BASIN MODEL

5.1 Introduction

Mr. David Hellstrom, of the U.S, Ammy Corxps of Enginesis, has
developed a detailed generalized simulatiéon model for river basins,
The model, presently in final stages of developmeﬁtB contains & number
of,iﬁteresting and unique features, and differs significaatly in form
from the models discussed in Chapters 3 and 4. Conseguently, the
techniques presented heve for optimization of reservoir operation were
studied in conjunction with the Hellstrom model to examine in a
qualitative manner the particular form that a simulation mwdel should
take for application of search techniques for operating rules.

Particular features of the model which make it of intevest are:

1) Generality - the model is not developed for a particular basin,

| and at present can Qimulate a8 system containing up to 60
physical control or sconomic use sites {e.g. reservoirs,'power
plants, irrigation diversions, etc.)

~ 2) Form of operating rule - The operating rule is based on the
assignmﬁnt of priorities to various uses and storage levels
throughout the system, and operates iteratively to balance
flow§ and roleases in accordance with the priaritiea.' Thus,
the relative desirability of achieving certain goais can be
indicated by the pgioritiés assigned,

3) Possibility of Wide implementation - It is expscted that the

. model may be widely used throughout the Coyps af.Engineefs for
basin planning studies,

The results preséﬁted are 1imitéd, due to major vevisions continually

~148-



being made in the form of the model, partly as a consequence of the
results of ﬁhese studies, and computer turn-around time considerations,
limiting to one run per day. However, a number of qualitative
conclusions will be presented based on the experience with this form
of model,

The model is'currantly being implemented with data from the Connecticut
River Basin in New England. For this basin, no mathematical programming
model was available to provide a starting point for the search on
operating paramete;s, and the scope of this investigation precluded the
development of such a model. As a consequence, the starting point for
optimization proceeded from those parameters deflning an& best simulating
the historical operation of the basin over the five years 1957-61.

5.2 The Simulation Model

5.2.1 The Basin

That portion of the Connecticut River ﬁasin which is simulated is
shown in Figure 5,1, The S upstream reservoirs are used for over-month
storage, agd the 5 downstream reservoirs are used for pondage. The
simulation model operates by months, hence the 5 downstream pondage
reservoirs do not appear as reservoirs in the model., Power plants
located at Moore and Comerford Dams, and at the 5 downstremm sites,
where operation is run of the river, Capacities of the facilities
are preSented in Table 5.1; |

Due to computer time limitations, each submittal to the computer
was limited to 5 minutes, This allowed for four different parameter
sets, each with a simulatioﬂ run of 5 years, for each submittal, Although
synthetic hydrology can be used with the mcdel, it is currently being

operated with the historical record for the 5 years 1957-61.
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TABLE 5.1

CAPACITIES OF FACILITIES IN THE CONNECTICUT RIVER BASIN

Reservoir Capacity (month-second-feet)
2nd Connecticut Lake 195

l1st Connecticut Lake 1268

Lake Francis 1645

Moore 1890

Comerford : 535

Power Plant ‘ ' Monthly Maximum Energy (MWH/month)
Moore : 138800

Comerford 109000

McIndoes : 7300

Wilder 24100

Bellows Falls | 32850

Vernon 20450

Turners Falls 37200
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The basin is presently operated principally by the private power
companies for power production. The Corps of Engineers has several
flood control reservoirs, but they contain negligible conservation
pocls and were not included in the simulation for this reason. Power
production is primarily peaking power over a base load provided by
thermal plants, At present, reasonable benefit data is assumed only
for power production, and not for other uses,.

In order to test the optimization features, maximization of system
power benefits subject to existing power demands was selected as the
objective function. Although this selection implies single-purpose
operation of the basin, and hence is a special case, some operation
for fload control and low-flow augmentation is included in the form of
the rule curve constraints for the reservoirs. The singie—purpose
economic objective was selected because only the values for power
benefits were felt to represent reality, and data for other uses was
not évailable. The single-purpose operation does not reduce the
problem to a trivial one, however, since the demand varies by
months and the benefit curve is non-linear. Thus, the problem becomes
one of determining the operation of 5 reservoirs in series to
best meet target demands,

5.2.2 The Model
5.2.21 General Structure of the Model

The simulation model is fully documented in reference (18). A
brief outline of the main features of the model will be presented here,

The model performs a ;imulation Tun with a monthly time increment,
generating pertinent physical output at points of interest in the basin,

After an entire run has been completed, the physical output is converted
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to economic benefit through appropriate benefit functions. Thus, the
operation of the basin is independent of economic factors, and depends

on physical parameters only. Output may consist of a number of
specifications of physical and economic data, and the data structure allows
for simple modifications. The present form of the program provides for
up to 4 different sets of input data for each submittal to the computer,

The program routes mean monthly flows throughout the system, and

no flow lag is congidared except for masé conservation requiremsnts at
storage reservoifs. Evaporation losses are not at present included in
the model.
. A det#iled power subyroutine calcdlates energy génerated at a point
and in addition the potential energy'that could be generated at all
sites, whether or not installed capacity exists. Provision is made for
considerations of efficiency, dump energy ﬁroduction, tail water elevation,
and variation in head at a plant,

5.2.22 The Operating Policy

l“'{Although the operating policy is contained in a separate subroutine,
the”éhtire sﬁfuﬁfﬁre of the simulation model is closely linked with the
'structure of the operating rule. Thus, changes in operating policy can
come easily only through changes in the parameters of the program, not

in the form of the operating rule.

The operation is based on determining the change in storage at

each reservoir in the basin for each month., A vélue for the storage_
change is arrived at by iteratively balancing out "priorities" which
reflect flow conditions throughout the basin, Priorities are obtained

as functions of either flow, storage, or energy production at a point

of interest, and the shape of the functions can be defined by

parameters of the operating rule,
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For reservoirs, the priority function is obtained from specification
of 6 parameters at each reservoir, 2 of which can vary from month to
month, The parameters are défined as follows, using the Fortran mnemonics,
where N represents an index for the particular reservoir, and M a monthly

~.index, from 1 to 12:

CAPA(N) Capacity at spillway crest, hence maximum pool level
CAPB(N,M) Storage at upper limiting rule curve for month M
CAPC(N M) Storage at 1owerllimiting rule cufve for month M
CAPD(N) Storage at top of dead storage pool

‘PRIUP?(ﬁj . A dimensionless number defining the:shape qf the

priority function in tﬁg region between CAPA and
. CAPB, between 0 and +9:99
PRILOW(N) . A dimensionless number defiding the shape of
| the priority function in the region between CAPC
and CAPD, between -9,98 and 0.

Thesé parameters are used to define the reservoir priority function,
as shown in Figure 5.2. The region between CAPA and CAPB is called
"Flood Control Stomage', that between CAPC and CAPD the “conservation
lstorage", and the region between the upper ana'iower rules curves, CAPB
and CAP&, is termed the 'meutral zone', and bperatioh of the reservoir
in this range is associated with a priority of §. The reservoir is
indifferent to changes in storage so long as it remains in this range.
_As the storage increases out of the neutral zone, increasing positive
priorities are incurred up to a maximum of +9,99, at the spillway crest
capacity. No priority can exceed +9.99, Similarly, operation at CAPD

is associated with the largest negative priority possible, -9.98,
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Sincé the iteration procedure attempts to reduce extreme priorities,
the operating procedure attempts to maintain all reservoirs in the neutral
zone, The values of PRIUPP and PRILOW serve to determine the severity
in terms of incurring priorities of operation outside the neutral zone.
Thus, a high value of PRIUPP produces a priority function that increases
qnitet'raﬁidly relativé to capacity, that is, small increménts in_capacity
above CAPB produce large increments in priority for the reservoir, and
thus are not favored in the iteration process, Similarly, large negative
values of PRILOW indicate a reluctance to move into the conservation
storage region, Values of the priorities near zero indicate a relative
indifference to excursioﬁs out of the neutral zone,

A similar function is used for discharge for river points, with
zones of flood damage, neutrality, and pollution control, and will not
be discussed in detsil, Operation is exactly analagous, with 6
parameters being‘specified at a point, |

Energy production priorities may aiso be:inc¢cimded in the iteration
process to operate for power production, The installed capacfty places
a constraingt on the maximum energy produced during the month, Qith
operation at 100% load factor. The peaking plants of the Connécticut
River Basin operate at much lower load factors., Thus, for eacﬁ
plant, a target energy for each month is established as some percentage
of the maximum energy. This target energy will vary from month to month
in response to changing demand for peaking power in the regioﬁal grid,
and is considered to be imposed externally by power system needs, and
hence is not a parameter of the operation, That is, although increasing
the target energy for the system msyéyieid:increaséd‘simulated,ﬁénefits,
this would not realistically reflect the example problem at hand, which

is to best operate the system to meet existing targets as well as possible.
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Generation of excess dump energy puts the function in the zone between
TARGPL and DENERG, with steadily increasing positive priority, to a
maximum of PRENUP at DENERG., Falling short of the target results in
an increasing negative priority, to a maximum absclute value of PRENLO
at zero energy production, By hppropriate selection of the priority
values, the priority function can be structured to strongly or weakly
favor production of target or dump energy.

With the priority functions as defined above, the iteration procedure
used to generate the values of storage change for each féSeryoir
in each month may be briefly described. - |

For the initial trial in any month, the operating rule maintaing
all reservoirs at their levels of the previous month, i.e., no storage
change, and routes the incoming river flows through the system, As
a results, priorities are incurred at various sites throughout the basin,
due to failure to meet targets, excess fiowﬁ, operation outside rule
curve limits, etc,

On succeeding trials, each reservoir attempts to change its storage
so as to decrease the absolute value of the largest priority that it
can affect, either downstream or that produced by its own storage level,
Each reservoir performs this operation by itself, without regard to
releases from other reservoirs., For each reservoir, an increment of
storage change is determined at the beginning of each month, and the
operating policy than either applies this fixed increment to the
reservoir storage, either increasing or decreasing the storage by the
fixed increment, or maintains storage at the level of the previous iteration.

After all storage changes have been so determined in any given
iteration step, a new set of priorities representing the new system

conditions is developed. The process then repeats until either no further
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improvement in terms of reduction of priority is possible, or the maximum
allowahle number of iterations, a user-defined parameter, is reached. |
For the situation studied in the model, a maximum of 30 iteration steps
was allowed, and the system usualiy was '"balanced" prior to reaching 30
iterations} At the end of each iteration, the increment of storage change
Vfor each reservoir is reduced by some fixed percentagg;'to provide a
damping effect on the balancing process by'restrictiﬁg the range of storage
for the reservoir. At this point, informationlﬁn the physical conditions
for the month is written on disk storage, and the simulation proceeds to
examine the succeeding month.
5.2,23% The_Benéfit Punction

At the end of the entire simulation run, economic benefits are
determined as a function of mbnthly physical outputs, which have been
stored by the program, For the single-purpose powér benefit study used
here, the benefit:function is taken as a 2-piece piece-wise linear
function as shown in Figure 5.4. Slope BPl is the rate used to calculate
benefits at the inflection peint, representing precisely meeting the
target demand. Dump energy increases benefits at the lesser rate BPZ,
up to the maximum_@nergy possible at the site. Falling short of the
target requires that the deficit be made up at a higher rate from other
sources, hence the net rate BP3 is less than BPl, Thus,.the particular
shape of the energy benefit function is derived from the three fixed
parameters BP1, BP2, and BP3, and the variable target energy for each
site for each month, which defines the position of the breakpoint. For
the present case, the values of BPl, BP2, and BP3 are taken as 4, 2, and

5 mills per kilowatt-~-hour respectively,
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5.3 Studies with the Model

5,3,1 Phase 1

As developed by Hellstrom, the model was used primafily to simulate
as well as poséible the historical operation of the basin during the
years 1957-61. The form of the opersting rule and the ﬁarameters
associateﬁ with it were chosen primarily with this purpose in mind, and
the simulation performed under these conditions.

For the punposés of the present study, operation that maximized
gross power benefits was the objectivé. The original form of the operating
rule, developed to. simulate historical flows, did not perform adequately
when parameters to maximize power benefits were used, The iteration
procedure did not balance the reservoir priorities properly. Consequently,
during Phase I the form of the operating rule was revised continually,
until the form of operation described in the previous section was developed,
Once the form of ﬁhe operating rule was fixed, search studies were
commenced again, and doﬁprise Phase Il1. Thus, no qualitative results
are presented for Phase I, but conclusions are drawn from the experience
derived during Phase I studies, Qualitative results are presented in
Section 5.4.1
5.3.2 Phase II

Phase II studies consist of a series of experiments to determine
appropriate parameters to.sample in policy space, and to select an
appropriate starting point. In the absence of a mathematical programming
model, a pure LPSS technique could not be used,

The search was carrieé out heuristically after detailed examination
of the physical output and performance of the operating rule for each

Q set, Experience gained in Phase I studies in identifying pertinent
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variables was used. Gross economic power benefits were obtained for
annual interest rate of 0 and 4%, For the case of 4% interest rate,
benefits were discounted to present value at the start of the 5-year
simulation. Total power generated was also examined.

The starting point selected initially for Phase Il studies was
the paraméter set which best simulated the historical operation of the
basin. This set was tested both with and without power priorities,
Heuristic search was carried out from this point to define a near-optimal
region, with results presented in Table 5.2a, After the optimal region
was defined, studies were carried out to examine in more detail the nature

of the near-optimal peak,

5.4 Results
5.,4.,1 Phase T

Initial studies were made by setting reservoir priotities at low
levels and power priorities at high levels, so that reservoirs would
res?oﬁd to power demand only, Results of simulation runs yielded
extremely low benefits, and in particular, loss of head at Moore and
Comerford Dams was severe,

This pointed out that maximization of power benefits could not be
achieved internally by the operating procedure by setting high priorities
on power, Investigations showed that the achievement of high head levels
at Moore and Cwmerford was one of the major factors in yielding high
power benefits, and that an appropriate balance had to be found at these
two sites between energy a#d regservoir priorities, This balance was found
to exist away from the regions of extreme priority values. Further results

indicated that selection of high power priorities for the smaller
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downstream run of the river plants often would cause depletion of uﬁstream
reservoirs without yielding commensurately greater benefits. Operation of
the three upper lakes was also found to be a sigmificant factor in
achieving power targets at Moore and Comerford. Thus, Phase I studies
pointed out the folloﬁing results for use in Phase II:

1) M#ximum benefits could not be achieved through high power priorities
and low reservoir poiorities,

2) Achievemant of high head levels at Moore and Comerford was
a primary physical objective for generation of'high power benefit,

3) Power pfiorities could not be set unifewmly throughout thé
basin,'sincq Moore and Comerford were the most significant
producers of energy, and the downstream run of the river
ﬁlaﬁts Qould draw too much from the upstream reservoirs if
power priorities were sét on a level with Moore and Comerford,

4) At Moore and Comerford sites, the balance between reservoir
and power priorities was significant,

5) ..The three upper lakes could best be operated to regulate flows
for Moore and Comerford reservoirs, responding to downstream
power priorities but exerting some damping influence due to
moderate priority levels at their own sites.

5.4,2 Phase II

Results for Phase II studies are presented in Tables 5.2a and 5.2b,
Power production and economic benefits at @ and 4% are presented for
each simulation run, Pertinent parameters for the run are given in the
0 set. Phase I studies served to define the important operating parameters
to be included inithe Q set., These parameters include the power and
energy priorities at Moore and Comerford sites, the shape of the rule

curve at these two sites, and the priority values associated with
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21,958,647
21,920,110
21,943,398
21,983,395

$ Gross Benefits 4%

19,809,014
19,869,680
19,866,720
19,865,984
19,563,131
19,551,154
19,538,538
19,633,921
19,579,240
19,543,975

19,563,447

19,597,089
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Lake Francis and the first and second Connecticut Lakes. For purposes
of simplicity in the tabulation, these values are entered in the tables
only when they show a change from a previous value,

The entries under the "Rule Curve" column require some explanation,
The historical rule curve is the one actually followed by the power
companies in the area, and used in the historical simulation., The ru;é
curve insuring high head levels at Moore and Comerford is obtained by
setting CAPA, CAPB, and CAPC within 1 msf of each other, thus insuring
that the neutral zone for these reservoirs is at the top of the pool,
Lowering the pool by withdrawal incurs a negative priority, tending to
force the pool level back up again. To test the sensitivity to rule
curve operation, the distance between CAPA, CAPB, and CAPC was set to
50 and 100 msf respectively for Comerford and Moore stations for runs
7 and 11, This serves to create a larger neutral zone, allowing th¢
reservoir more freedom to respond to changing conditions. Another attempt
at changing the rule curve is presented in runs 8 and 12, For these
runs, the high head rule curve was maintained except for the months of
January, February, and March, when the reservoirs normally draw down
in actual operation to accept the spring inflows,

Results presented in Table 5.2a delineate the Q set which yields
the near-optimal region. Runs 1 and 2 simulate historical operation of
the basin, with and wikhout power priorities respectively. Runs 3, 4,
and 5 test the high head rule curve with varying priorities at Moore
and Comerford power plants. Downstream power priorities are held at
values of 43,0 and ~3,0 for all run of the river plants, as indicated by
Phase 1 studies, for all the studies of Phase If.

Examination of detailed physical output for the first 5 runs showed
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that Lake Francis was storing more water than necessary. . Therefore,

Tun 6 reducés the value of PRILOW for Lake Francis to -4, making it more
fesponsive to demands for water. Runs 7 and 8 vaxy the shape of the

rule curve at Moore and Comerford stations by providing a larger

lneutral zone and drawing down for the spring inflows. Run 9 investigates
the effects of the drawdown rule curve i power priorities are ignored,
Runs 10 through 13 repeat the previous 4 runs with smaller values for
energy priority at Moore and Comerford,

Results indicate that the ( set associated with Run 10 yields
maximum gross benefits, even though total power production is not as
great as that obtained in run 5, Having identified the near-optimal
region, studies were undertaken in an attempt to further define this
region. Results are presented in Table 5.2b, Runs 14 through 17 test
the response to changes in priarity values for the upper lakes, Runs
18 through 25 attempt to define appropriate combinations of priorities
at Moore, Comerford, and the upper izkes. Examination of the table
shows that no improvment on the benefits from run 10 was obtained by
the sengitivity studies performed. It is only fortuitous that maximum
Eenefits were cbtained in the first stage rather than the second,

As can be noted from an examination of runs 1 and 2, the inclusion -
of power priorities resulgs in a large increase in power benefits, while
‘causing a drop in total power produced., Further, improvements in gross
benefits beyond those developed in run 2 are not large, being limited to

an increment of less than 1% of total benefits obtained in run 2,

5.5 Conclusions

In spite of the fact that a formal LPSS process could not be used,

~168-



simple search techniques over a limited set of operating parameters

did result in increases in gross benefit, High benefits due to run 2,
the historical operation with power priorities, can be attributed to the
‘fact that the power companies have developed their operating rules by
experience over a large number of years, and with'extensivé hydrologic
studies, Moreover, the basin facilities have been designed, and the
target power demands selected, to "optimize"” use of the available water,
Thus, the absence of a mathematical programming model is not a severe
drawback in the present case. The construction of a new facility or
changing external power demands and hence assoicated target values, or
the utilizatioﬁ of a variety of synthetic hydrologies would decrease

the value of the histerical operation as a starting point, and a mathematical
programming model would be appropriate.

An examination of Table 5.2 shows that the benefit surface is fairly
flat in the near-optimal region, This observation served to limit the
search process, since increases in benefit would be small from additional
searching,

For the 5-year period of simulation used in this study, no significant
effect of interest rate on selection of the near-optimal Q set was noted,
That policy which is near-optimal at 0% is also near-optimal.at 4%,

Thus, quantitative results of the study indicate that, with a model
of this type, search techniques can yield an improved value of gross
benefits, However, qualitative experience with the model did not find it
particularly well suited to search optimization.

The parameters of the‘model are primarily priority levels and state
parameters (rule curves), Search studies were carried out over these

parameters to determine the near-optimal region, It must be noted, however,
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that these parameters are removed a number of heirarchical levéis from
the generation of benefits, Benefits are associated primarily with
releases from reservoirs, Thus, an operating policy with parameters
which are target releases is one heirarchical level removed from

benefits, A policy where the parameters are state parameters first
requires evaluation of releases as a function of state parameters, and
is consequently two levels removed from benefits. The present policy
requires priority parameters, which are used to determine statés, and as
such is three levels away from production of benefits.

Such a policy proﬁes applicable for simulation studies, since the
alrge number of parameters required to go from priorities to physical
releases iﬁtrqduces a good-deal of flexibility. By determining
appropriate values of these paraemters, the model can simulaté historical
operation quite well. In the Hellstrom model, when it was recognized
that maintenance of high head levels at Moore and Comerford was a physical
objective, this was easily accomplished since reservoir state parameters
were parameters of the operating rule, A release-oriented rule would
have to accomplish this on the basis of constraints on reservoir volume,
since desired state levels cannot be obtained by setting release pafameters.

For optimization studies, however, the fact that operations parameters
are three levels removed from benefits makes it difficult to determine
appropriate changes in parameters from an examination of bemefits, The
intermediate stages tend to mask the consequences of any such changes in
terms of benefits., The above concepts point out that a non-optimizing
operating rule should be parameterized by selecting parameters which are
closely associated with benefits or objective goals.

A further consequence of the introduction of heirarchical levels
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for operating parameters beyond those directly.associated with benefits

is that the formulation of mathematical programming models is not straight-

forward,

For the present study, it is not at all clear how to formulate

a linear programming model to yield values for the priority parameters.

The experience with this portion of the study may be summarized as

foliows:

1)

2)

A modified search technique does lead to improvements in

benefits even though fhe exact nature of the operating parametérs
is not clear,

The efficiency of LPSS techniques is conditioned strongly by

the form of the model, Parameters of the operating rule should
relate ¢losely to methods of obtaining benefits. Thus, if
benefits accrue principally to releases, the parameters should |
be releases; if benefits accrue principally to the maintenance

of certain state levels, then state values are appropriate
parﬁmeters for the operating rule., As noted both in the

present study and in the Maule study, parameters of the operating
rule which are non-physical (priorities, shape parameters)

cannot be readily associated with mathematical programming models,
and appropriate search techniques on such parameters are not
obvious, The concept of hierarchy of such parameters in terms

of relation to ultimate production of benefits is useful in

evaluating simulation models for applicability of LPSS techniques,
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CHAPIER V3
CONCLUSTIONS AND RECOMMENDATIONS
6.1 Conclusions

The principal conclusions to be drawn from the total investigation

are the following:l

.i) From conceptual analysis of the search for optimal operating
rules, it is clear that the relative value of an operating
rule depends upon the Q set and that sophisticated optimization
techniques may not produce true optimal rules because of the
Q set considerations. |

2) The proposed linear programming-simulation~ssarch technique
for obtaining near-optimal operatipn of multiple reservoir
systems is a feasible method of obtaining "best" estim#tes
of benefits associated with various plans. Use of simplie

‘mathematicsl nodels and search techniques is sufficient to
show significant increases in benefits,

3) The contribution of the linear programming wodel to the total
search technique is much more significant than the contributions
of the other search processes,

4) 1In designing a simulation in which sesrch is to be carried out
for operation, the data.structure snd data handling capgbilities
are of particulax importance in thet they determine the amount
of search that is feasible.

5) Search on barametérg heirarchically removed from the production
of benefits is not an efficient process.

More specific conclusions dealing with particular areas of investigation
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are:

1) Linear programming models consistently underestimate taiget
releases for stochastic models when constrained by availabilicy
of water,

2) Sfate-oriented models disélay greét sensitivity to values fnrJ
the steady-state available water parameters, which must be
consistent with the target releases,

3) State parameters should not be included in the search process
unless benefits accrue directly to achievement of certain
states,

4) The number of periods used in a linear programming model should
‘not be less than the number of periods per year in the
simulation model.

5) Higtorical expérience in a given basih nmay be near-optimal
operation,

6) Results of search using the three simulation medels did not show
sensitivity to interest rate, and this appears to be a limitatimm

in the work presented here.

6.2 Recommondations

Bxperience with the: LPSS process has pointed out certain areas
where extensions are desirable, In particulsy,:wethsce aye sought to
develop consistent steady-state water parameters for any set of target
released. Linear programming models develop consistent values for the
two differ&nt types of parameters, but the concept of "steady.state”
available water is not difectly applicable to the stochastic simulation case,
Two methods are suggested below,

The first method of derkving consistent state parameters from the

relegse parameters is based on statistical studies wwing the simulation
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model. A release-oriented policy using the desired target parameter set
can be used in the simulation model, Mean values of water availablé

can then be calculated statistically from the detailed physical behavior
of the system, These values can then be used in association with the
target parameters in a state-oriented policy. Mean available water can
ghen be determined statistically for results of a simulation with this
operating policy, and the state parameters revised again. If desired,
the process can be repeated until the state parameters '"reproduce"
themselves statistically,

The above method is based on the statistical steady-state concept
for the simulation model., A statistical steady-state is the only one
possible for stochastic models, An alternative approach is to use
the steady-stéte equations which define the linear programming model.‘
Theserequations can be solved with the values of the target releases
set at desired levels, Consistent steady-state available water values
are then obtained, For this case, the linear programming model is used
as the transfer function defining system response.

The consistent underestimation of target releases by linear programming
models suggested that the linear programming model be constructed
wifh additional parameters which would allow medification of the nature
of the results, Thus, with a programming moael for operation only,
increasing the inflow by a multiplicative factor may offset the tendenéy
of the model to underestimate, and the use of the linear programming model
assures internal consistency of the parameter values,

The above suggests an ;Iternate search method which would insure
internal consistenéy of the operating policy parameters, Rather than

search directed to values of these parameters, the search may be performed
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over fhe parameters of the () set. The linear programming model is looked
on as a sub-optimization procedure which yieldﬁ, for any given Q set, the
near-optimal valu?s of the operating parameters. If the linear programming
model‘can be characterized by fewer variables than the simulation operating
policy, then the $earch may be more efficient. For example, a multi-
-feservoir monthly simulation may.involve a large number of target releases.
1f, in a linear programming model, parameters such as total power export
target or total irrigated farming target can be included, then the search
may be performed over values of these targets as independent variables,
with the operating policy targets being determined as dependent variables
by the linear programming model,

As noted in Chapter 3, comparisons of the simulation and linear
programming model can yield valuable information, A disparity in the
Q set or other parameters can prévent such a comparison, Oﬁtion should
be provided in the simulation for making the Q set identical to that

in the linear programming model.

6,3 Suggestions for Further Work

Appropriate extensions of the methods described here have been
indicated in the previous section and throughout the text. Experiences
with the three simulation models pointed out that data handling and
data structure was a major difficulty in using the models, particularly
for search techniques, The generation of appropriate data structures
and data handling methods for the various models is seen as a vital
contribution to the state of the art, The development of such data
structures has been a prime concern for structural and.transportation

systems studies, and has been seriously neglected for water resource
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systems,

The generation of an appropriate data structure for the models will
require study of the nature of the simulation and mathematical programming
modeis, and the type of consideration to be made of such features as
power, irfigation, and flood control use., A number of possibilities
are available, and an investigation into the merits of these possibilities
would, be a great service to the systems planner.

The data handling problen is essentially a systems programming
problem, but it is clearly related to the datz structuré problem. Ease
of specification, ease of modification, and selective output would be
important considerations. Once such d data handling procedure is deveioped,
the possibility of direét interfacing between the simulation, the linear
| prqgramming model, and the search process becomes available, Such
interfacing would al}ow for detailed search techniques of the type
indicated in Chapter 4, even for relatively complex models.

Alproblem-oriented language for searching the policy space could
profitably be developed, with the aid of a system such as ICES (22),
which allows the user to define cowmands and procedures pertinent to
the problem at hand, after the data structure and handling problem
is solved. Typical commands would allow for simple_specification of
a uniform grid search by specification of the ranges of the parameters
and the grid spacing, Thus a command of the form: ~

UNTFORM GRID X 10, 20. Y 8. 13. SPACE 1.
would specify in thisg simple manner that the search polnts were to be
carried out on & uniform two-dimensional grid for the variables X and Y,

X ranging from 10 to 20, and Y from 8 to 13 units, with a grid spacing

of 1 unit, for a total of (Il x 6) = 66 points in the grid.
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A command of the forﬁ:

SEARCH SAVE BEST
would initiate a simulation for each of the points of the uniform grid.
The values pertaining to the best point would then be sfored in the
computer, Similar commands for singie-factor and marginal analysis
could be utilized to rapidly yield a search procedure suitable to the
particular problem, Pre-programmed optimal search techniques could
then be profitably developed and utilized.

¥When the above suggestions have been implemented, a powerful tool
for investigations of water resources systems will be in the hands of
the engineering decision-maker; In the author's opinion, such
developments are the most fruitful iine of investigation for those
engaged in water resource systems research. Such a tool would then Be
able to make optimal use of the sophisticated optimizing procedures
and search techniques which are more properly the field of systems
analysts, mathematicians, and specialists in operatioms research,
but would be oriented primarily towards utility for decision-making
in systems planning in light of engineering feality and current

theoretical capabilities,
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Appendix C

Hydrologies for Maule Basin Studies
(106 m¥)

Hydrology 1
List of Average Monthly Inflows

Month Reservoir 1 Reservoir 2 Reservoir 3
1 59.048 22.494 53.866
2 57.690 31.416 154,167
3 61.076 34.541 149,918
4 56.612 28,383 . 137.673
5 : 59.015 29,547 - 121.837
6 64.087 29.999 123.628
7 120.059 . 49,147 222.363
8 194.595 76.463 : 310.457
9 171.970 57.856 256,924
10 119.456 31.192 140.939
11 83.664 22,090 84.950
12 69.050 18.314 59,228
Sum ) 1116.322 431,442 1815.949

Total = 3363.713

Hydrology 2
List of Average Monthly Inflows

Month Reservoir 1 Reservoir 2 Reservoir 3
1 61.161 23.561 56.872
2 62.234 33.588 152.9873
3 63.465 36.791 150.025
4 61.011 31.417 128.090
5 62.531 31.656 _ 124,606
6 65,302 32.276 138.386
7 115. 347 47.464 222.584
8 188.199 72.645 319.410
9 : 192.492 65.751 266,447
10 134,468 35.064 142.650
11 95.576 24,882 87.7%4
12 75.198 19.301 60.779
Sum 1176,985 454,395 1850.615

Total = 3481.996
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Appendix C

(cont.)

Hydrology 3
List of Average Monthly Inflows

Month Reservoir 1 Reservoir 2 Reservoir 3
1 62.814 22.835 48,161
2 60.055 31.395 124.225
3 65.821 , 36.655 142.184
4 : 63.033 36.801 126.839
5 63.502 32.866 120.716
6 64.041 - 32.039 132.740
7 112.419 47.861 219,141
8 191,765 74.783 278.942
9 169,956 54.940 209,433

10 124.477 32.504 108.483
11 88.090 22.758 68.160
12 70.893 18.441 50.162

" Sum 1136.871 443,877 1629.186
o Total = 3209.934

Hydrology 4
List of Average Monthly Inflows

Month Reservoir 1 Reservoir 2 Reservoir 3
1 62.872 23.110 39,707
2 65.230 34,640 . 103.696
3 63.899 37.026 126.059
4 ) 58.854 32.253 112.247
5 59.142 29.415 114.723
6 63.089 32,063 123.518
7 113.684 47.580 205.813
8 213,012 83.559 297.573
9 182,976 59.415 235.315
10 130.670 34,527 118.310
11 91.256 23.473 76.687
12 72.008 18.311 53.676
Sum ‘ 1176.690 455.371 1607.324

Total = 3239.386
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